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Abstract 
 
Transcriptional regulation of the developing neural crest in Xenopus 
 
by 
 
Sofia Medina-Ruiz 
 
Doctor of Philosophy in Molecular and Cell Biology 
 
University of California, Berkeley 
 
Professor Richard Harland, Co-chair 
Professor Michael Eisen, Co-chair 
 
 
In this thesis, I describe the transcriptional regulation of neural crest throughout neurulation of 
Xenopus embryos. This work focuses on the global expression dynamics of genes involved in the 
specification of the ectodermal territories, i.e., neural plate, pre-placodal, neural border, and 
epidermis. In particular, I study the function of tfap2e, a member of the tfap2 family of 
transcription factors that is expressed in the neural crest of Xenopus.  
 
In the first chapter, I provide an overview of the morphogenetic movements and signaling 
pathways that contribute to adoption of the ectodermal fates in Xenopus embryos, and in 
particular, to the process of specification of the neural crest. Furthermore, I describe what is 
currently known about the role of Tfap2 transcription factors in vertebrate neural crest 
development.   
 
In the second chapter, I characterize the functional role of tfap2e in Xenopus development. I 
identified tfap2e in a screen for genes that are expressed exclusively in the neural crest. Through 
gain and loss of function analyses, I concluded that tfap2e is required for the early processes of 
neural crest specification, and it is also necessary and sufficient to promote neural crest 
delamination, a mesenchymal property essential for neural crest cell behaviors. To better 
understand why tfap2e is important for these processes, I developed a transcriptomic analysis 
strategy to identify genes whose expression is either positively or negatively correlated with 
Tfap2e activity. These genes are likely to be regulated directly or indirectly by Tfap2e. The 
results of this study contribute to a further understanding of the roles of Tfap2 factors within the 
neural crest module of the gene regulatory network. 
 
The third chapter summarizes the results of collaborative work between the Harland and Eisen 
labs, at U.C. Berkeley, and the Monsoro-Burq lab at the Curie Institute in Orsay, France.  I 
describe the expression dynamics of genes known to specify the different ectodermal fates in 
Xenopus embryos. In addition, I describe how we obtained and analyzed the expression profiles 
of manually dissected ectodermal tissues throughout neurulation. The dissection dataset was 
utilized as a reference to evaluate how tfap2e knockdown altered the fate of the neural plate 
border.  In agreement with the analyses from the second chapter, we conclude that loss of tfap2e 
2	  
delays neural crest specification, and consequently, neural plate border cells seem to adopt an 
expression profile that is similar to the anterior placodes.  
 
In the fourth and final chapter, I describe the syntenic relationships between the different tfap2 
clusters. The analysis provides insights into the genomic rearrangements that have occurred 
during the evolution of vertebrates, which may have contributed to alterations in gene expression 
patterns after the divergence between the common ancestor of vertebrates and tunicates. Finally, 
I summarize the results of chromatin immunoprecipitation to identify putative cis-regulatory 
elements of genes that are downstream of Tfap2e. This protein may have both activator and 
repressor functions that help maintain the neural crest fate over other neural plate border fates. 
 
The work described here has contributed to our understanding of how the development the neural 
crest is regulated, both through focusing on a single transcription factor, tfap2e, and more 
broadly by characterizing gene expression dynamics in this unique cell population and important 
vertebrate innovation.  
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Chapter 1  
 
General Introduction 
 
 
 
The vertebrate neural crest 
The neural crest is an embryonic cell population common to all vertebrates.  Among the cell 
types that can be derived from the neural crest are pigment cells, peripheral sensory nervous 
system, craniofacial cartilage, heart smooth muscle, and many other(Collazo et al., 1993; Le 
Douarin and Kalcheim, 1999; Dupin et al., 2007).  The neural crest is one of the greatest 
innovations that occurred at the root of the vertebrate lineage (Gans and Northcutt, 1983; 
Shimeld and Holland, 2000).  Even though the neural crest is derived from the ectoderm, it is 
still considered by some as a fourth germ layer as it can give rise to cell types, such as smooth 
muscle, cartilage, and neurons, that are also produced by the mesoderm and ectoderm (Hall, 
2000). 
 
In humans, mutations in genes that participate in the development of the neural crest can lead to 
diverse neonatal disorders/syndromes termed neurocristopathies, e.g. Waardenburg, CHARGE, 
and DiGeorge syndromes (Etchevers et al., 2006), which can affect one or more neural crest 
derivatives depending on the severity of the mutation and the normal role of the gene in forming 
the neural crest.  Compared to other ectodermal derivatives, the neural crest cells are 
distinguished for their great ability to detach from the epithelium, become mesenchymal, and 
migrate long distances (Le Douarin and Kalcheim, 1999).  Because of the latter, mutations in key 
neural crest genes required for epithelial-to-mesenchymal transition (EMT) and migration of the 
neural crest (e.g. twist and snai2) have been implicated in the progression of cancer, in particular 
metastatic melanoma (Miller et al., 2004; Van Otterloo et al., 2010; Theveneau and Mayor, 
2012; Kumar et al., 2014; Maguire et al., 2015).  
 
The neural crest is induced at the same time the neural tube starts to form; the induction process 
occurs in the intermediate region between the neural and the non-neural ectoderm, also known as 
the neural plate border region (Mancilla and Mayor, 1996) (Figure 1.1A).  As the neural tube 
closes, the neural crest progressively undergoes EMT from the edges of the neural folds (Nieto et 
al., 1994) and begins to migrate towards different destinations where they will terminally 
differentiate (Le Douarin and Kalcheim, 1999) (Figure 1.1B and C). 
 
The formation and differentiation of the neural crest in vertebrates involves a series of stepwise 
processes that require coordinated regulation of gene expression.  At the blastula stage, the 
ectoderm is specified but not yet committed to any particular ectodermal fate, since stem cell 
factors (e.g. oct4, nanog, and sox2) (Loh et al., 2006) prevent cells from responding to inductive 
signals.  At gastrula stages, the ectoderm becomes responsive to Wnt, BMP, and other signaling 
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pathways that will contribute in the specification of the ectoderm.  At this time, the anterior and 
posterior neural plate border region, localized between the neural and non-neural ectoderm, 
express a number of transcription factors called neural plate border specifiers that will be 
required to adopt the other remaining fates of the ectoderm: the placodes, neural crest 
(Brugmann and Moody, 2005). Even though the placodes and neural crest arise in very close 
proximity to each other, the timing and amount of signals experienced by these two structures are 
different enough to form boundaries that will enable their respective specification (Groves and 
LaBonne, 2014).  The neural crest specifiers then act on other genes that will help maintain the 
neural crest fate and promote migration and cell differentiation.  
 
The anterior and posterior neural border adopts different identities according to the signals 
received from neighboring tissues positioned along the anterior-posterior (A-P) and dorsal-
ventral (D-V) axes.  Along the A-P axis, the most anterior neural crest portion becomes the 
cranial neural crest and can form the craniofacial bone and cartilage and contributes to sensory 
placodes and cranial sensory ganglia.  The vagal neural crest, localized slightly more posterior to 
the cranial region, gives rise to the enteric ganglia, and heart smooth muscle.  The neural crest at 
the most posterior portion of the embryo, or trunk neural crest, will give rise to the peripheral 
nervous system (Le Douarin and Kalcheim, 1999).  Besides giving rise to different derivatives, 
the cranial and trunk neural crest cells show different migratory properties.  In Xenopus, for 
example, the migration of the streams of cranial neural crest is coordinated though the action of 
contact inhibition of locomotion, collective chemotaxis and co-attraction (Carmona-Fontaine et 
al., 2008; Theveneau et al., 2010; Carmona-Fontaine et al., 2011; Theveneau et al., 2013).  The 
trunk neural crest migrates as individual cells following three distinct routes.  Cells that travel 
ventrally, migrate between the neural tube and somites to populate the pronephros and enteric 
system, while those that migrate dorsally populate the fin, and those who migrate laterally move 
between the somites and epidermis (Krotoski and Bronner-Fraser, 1986; Collazo et al., 1993) 
(Figure 1.1C). 
 
The genes that participate in the process of neural crest formation in vertebrates have been 
placed in a Gene Regulatory Network (GRN), which summarizes the positive or negative genetic 
interactions reported in the literature based on epistasis experiments and direct cis-regulatory 
evidence (Meulemans and Bronner-Fraser, 2004; Sauka-Spengler and Bronner-Fraser, 2008; 
Betancur et al., 2010; Simões-Costa and Bronner, 2015).  Most of the signaling molecules and 
transcription factors required for the formation of the neural crest are highly conserved across the 
vertebrate lineage, but the type of interactions may differ from specie to specie (Aybar and 
Mayor, 2002; Steventon et al., 2005; Nikitina et al., 2009; Muñoz and Trainor, 2015). Recent 
evidence suggests that the neural crest regulatory network co-opted regulatory modules already 
present in the common ancestor of vertebrates and tunicates (Meulemans and Bronner-Fraser, 
2002; Abitua et al., 2012; Jandzik et al., 2015).  And it is possible that the co-option was 
facilitated by small changes in the cis-regulatory elements of genes involved in promoting 
mesenchymal properties in chordates, which made them responsive to neural plate border 
specifiers (Nikitina et al., 2009).  
 
Genome rearrangements, mutations in gene regulatory elements or coding sequences are likely to 
have contributed to the variation in expression patterns and the mechanisms of interactions with 
other components of the network.  Because the neural crest arises at a relatively early time point 
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in development, what may appear to be a small difference between two very closely related 
species may result in slightly different phenotypic traits. For example, during craniofacial 
morphogenesis of duck, quail, and chicken embryos exhibit expression pattern differences of 
Wnt signaling related genes (dkk2, fzd1 and wnt1) that may impact the growth of facial 
prominences (Brugmann et al., 2010). 
 
Xenopus laevis and Xenopus tropicalis have been used as vertebrate models for studying the 
mechanism that drives cell fate induction, specification, and differentiation.  The genomes of 
both species have recently been sequenced (Hellsten et al., 2010), and with the use of molecular 
tools, such as morpholino oligonucleotides and more recently the CRISPR/Cas9 technology 
(Jinek et al., 2012; Blitz et al., 2013; Nakayama et al., 2013), these two amphibian species are 
suitable systems for investigating epidermal and neural crest cell specification.  In the next 
section I will summarize the series of events required for the specification of the ectoderm and 
the neural crest in Xenopus, and then focus on the role of the Tfap2 transcription factors in the 
development of the epidermis and neural crest. 
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Figure 1.1 Schematic of the formation of the vertebrate neural crest  
A.  Neural crest induction takes place at the early neurula stage at the border between the neural 
and non-neural ectoderm.  B.  As the neural tube forms at mid neurula stages, neural crest arises 
in the neural folds and receives continuous signals from the surrounding tissues.  C.  At the late 
neurulation stages, the neural crest migrates along dorsal (towards the dorsal fin), ventral 
(between neural tube and somites), and lateral routes (between epidermis and somites). 
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Overview of ectoderm specification in Xenopus 
The Anterior-Posterior (A-P) and Dorsal-Ventral (D-V) axes are fundamental for specifying the 
ectoderm and consequently the neural crest.  These axes are established at fertilization, right after 
the sperm try which triggers cortical rotation moments that position vesicles that contain Wnt 
ligands near one side of the equator (Vincent et al., 1986; Tao et al., 2005).  Wnt will regionally 
stabilize β-Catenin protein, which will create the Nieuwkoop signaling center (Harland and 
Gerhart, 1997).  Thus, before the major wave of zygotic transcription (Newport and Kirschner, 
1982) the embryo is already primed by maternally deposited molecules that are asymmetrically 
localized and compartmentalized during early cell cleavages (Vincent et al., 1986; Rowning et 
al., 1997; Houston, 2012). 
 
Besides β-Catenin being found at the lateral equatorial region of the early blastula, there are 
other proteins and mRNAs differentially localized after fertilization.  In the animal pole and 
prospective ectoderm, the transcripts of maternally deposited Ectodermin produce an enzyme 
which reduces the effects of mesodermal inducing signals in the prospective ectoderm (Dupont 
et al., 2005).  In the vegetal cortex of the oocytes vg1 (Thomsen and Melton, 1993) and vegt  
(Kofron et al., 1999) mRNAs produce proteins that localized at the vegetal hemisphere of early 
blastula embryos.  VegT is a T-box transcription factor that induces expression of nodal genes.  
Both Vg1 and Nodal are ligands of the Transforming Growth Factor β (TGFβ) signaling pathway 
and strong inducers of mesodermal and endodermal fates (Kofron et al., 1999). In order to 
correctly specify the ectoderm, TGFβ activity needs to be excluded from the animal hemisphere. 
This is facilitated by forming the blastocoel cavity and blocking the transduction of TGFβ 
signaling at different levels: inhibition of ligand-receptor interaction through Lefty (Schier et al., 
1997), presence of inhibitory Smads (Smad6/7) that prevent activation of signal transducers 
(Smad2/3) (Chang and Hemmati-Brivanlou, 1998), and modulating the availability of Smad4 
cofactor to form complexes with Smad2/3 factors (Dupont et al., 2005; 2009). 
 
The cells at the animal pole of the early blastula stage embryo, also called animal cap cells, are 
highly responsive to mesodermal and endodermal inducing factors (Smith et al., 1990; Sasai et 
al., 1996; Chen and Grunz, 1997).  For example, if the animal cap is incubated without any other 
signal, the tissue is determined to become epidermis.  If exposed to FGF or low or intermediate 
levels of TGFβ ligands cells can adopt ventral mesoderm fate (Hemmati-Brivanlou and Melton, 
1992; Cornell and Kimelman, 1994; Chang and Hemmati-Brivanlou, 1998).  But if cells are 
exposed to very high doses of TGFβ ligands or are forced to express Sox17 or VegT 
transcription factors the naïve animal caps adopt an endoderm fate (Hudson et al., 1997).  At 
gastrulation, the animal cap cells lose competency and cannot longer respond to mesoderm or 
endoderm inducing signals (Jones and Woodland, 1987; Grainger and Gurdon, 1989). 
 
The fate of any cell type is determined by the timing, concentration, and combination of different 
signaling pathways.  Animal cap cells isolated from early blastula embryos contain sufficient 
amounts of ventral inducing BMP molecules to express epidermal markers (Wilson and 
Hemmati-Brivanlou, 1995), which correspond to the ventral fates of the ectoderm.  In contrast, 
neural fate is only adopted if BMP signaling is inhibited completely (Sasai et al., 1995; Wilson 
and Hemmati-Brivanlou, 1995). Intermediate levels of BMP can specify neural crest or pre-
placodal fates depending on whether the cells have are exposed to Wnt signaling (Morgan and 
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Sargent, 1997; Saint-Jeannet et al., 1997). In addition to the canonical Wnt signaling, Retinoic 
Acid (Durston et al., 1989; Blumberg et al., 1997) and FGF (Isaacs et al., 1992) posteriorizing 
signals have shown to also induce neural crest in partially neutralized animal caps (Villanueva et 
al., 2002; Monsoro-Burq et al., 2003). 
 
In Xenopus early gastrula embryos the dorsal blastopore lip, referred as the “the organizer”, is an 
important signaling center that functions to pattern the embryo (Spemann and Mangold, 2001).  
During gastrulation, the convergence and extension (Elul et al., 1997) and cell intercalation (Shih 
and Keller, 1992a) morphogenetic movements elongate the notochord and help bring tissues to 
close proximity.  Thus, the secreted molecules released from the anterior and posterior organizer 
regions help the neighboring ectoderm and endoderm to adopt their appropriate fates (Tucker 
and Slack, 1995; Joubin and Stern, 1999).  For example, the deep cells of the blastopore lip 
(anterior organizer), which are the first cells to involute, crawl under the inner surface of the 
blastocoel roof and differentiate into head mesenchyme and pharyngeal endoderm.  The second 
mesodermal cell population involutes from the superficial portion of the mesoderm and forms 
the notochord (posterior organizer) and the presomitic mesoderm (Shih and Keller, 1992b).  The 
different signals that are received by the ectoderm, during gastrulation, will induce the 
expression of specifiers of the three different fates of the ectoderm: epidermal, neural plate, and 
neural border. 
 
Over the course of gastrulation and neurulation the organizer region releases signals that pattern 
the embryo along the A-P and D-V axes.  The A-P axis if patterned by a gradient of Wnt 
signaling, and it formed by Dkk1 and other Wnt antagonist which are continuously being 
released by the anterior organizer to counteracts the posteriorizing effects Wnt originating from 
the non-axial mesoderm (Leyns et al., 1997; Chang and Hemmati-Brivanlou, 1998; Glinka et al., 
1998; Bang et al., 1999).  BMP antagonist such as Noggin (Smith et al., 1993), Chordin (Sasai et 
al., 1994), and Follistatin (Hemmati-Brivanlou et al., 1994) pattern the embryo along the D-V 
axis by preventing BMP from ventralizing the prospective dorsal structure.  Notch/Delta activity 
in the neural plate has been proposed to prevent bmp4 expression in the dorsal neural tube 
(Coffman et al., 1993; Glavic et al., 2004b), therefore helping maintain the level of BMP 
signaling required for this finely-tuned system.  
 
The neural plate border is found in the portion of ectodermal cells found between the neural plate 
and the epidermis (Figure 1.1).  During gastrulation, the neural plate border experiences 
intermediate levels of BMP signaling and Wnt8 from the non-axial mesoderm (Smith and 
Harland, 1992; Wilson and Hemmati-Brivanlou, 1995; Piccolo et al., 1996).  Is in this domain 
where the neural fold will form and where specification of neural crest fates will take place 
(Mancilla and Mayor, 1996; Morgan and Sargent, 1997) (Figure 1.2C).  FGF8a from the paraxial 
mesoderm has also been implicated in neural crest induction (Monsoro-Burq et al., 2003).  
Overexpression of Wnt8 or FGF8 in Xenopus embryos leads to a dramatic expansion of snai2 
and sox8 neural crest markers towards the pre-placodal region  (Monsoro-Burq et al., 2003; 
Hong et al., 2008); it is proposed that induction of neural crest by FGF in indirectly mediated 
through activation of wnt8a (Hong et al., 2008).  Overexpression of FGF, Wnt and activation of 
Retinoic Acid posteriorizing signals are sufficient to transform the anterior neural fold into 
neural crest, and this is also true in animal caps (Villanueva et al., 2002).  
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Figure 1.2 Schematics of Xenopus neurula embryos to illustrate the ectodermal territories and the 
sources of signaling inputs 
A.  Ectodermal domains established by early and mid neurula in Xenopus embryos. (A, P, D, V 
denotes anterior, posterior, dorsal and posterior landmarks).  B.  Representation of the 
localization of the signaling molecules received in the neural border (surrounded by dotted line) 
at early neurula. fgf8a and wnt8a are expressed in the non-paraxial mesoderm (FGF in orange 
and Wnt in pink), and the retinoic acid receptor in the posterior neural plate (RA in blue).  BMP 
signaling is found in the ventral ectoderm and mesoderm, but found at intermediate levels in the 
neural plate border.  All these signals regulate the expression of neural plate border genes, which 
in turn activate neural crest markers. 
 
The pre-placodal region of the ectoderm is found in the anterior neural fold and experiences 
intermediate BMP levels and very low levels to almost no Wnt (Park and Saint-Jeannet, 2010).  
The pre-placodal region will develop multiple types of sensory placodes (e.g. adenohypophyseal, 
trigeminal, olfactory, lens, nasal, and epibranchial), all of which respond differently to the 
presence of Wnt and FGF signaling (Park and Saint-Jeannet, 2008; 2010). 
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During gastrulation all the previously mentioned signaling pathways influence the expression of 
the neural plate specifiers pax3, zic1, msx1, and dlx3.  Ultimately it is the combination, timing, 
and concentration of the inducing signals in the neural folds, as well as the presence of the neural 
plate border specifiers what will set up the boundaries between the neural crest and pre-placodal 
regions at the neural fold (Brugmann and Moody, 2005; Groves and LaBonne, 2014). 
 
At gastrulation, the ventral expression of dlx3/5, msx1, and tfap2a function to specify non-neural 
ectodermal territories.  During late gastrula and early neurula their expression in the neural 
border is required to specify the neural crest and the pre-placodal regions (Luo et al., 2001; 
2002).  Pax3 is an intermediary of the induction of snai2 induced by Wnt and intermediate levels 
of BMP (Monsoro-Burq et al., 2005; Hong and Saint-Jeannet, 2007).  Overexpression of pax3 
and zic1 can induce ectopic neural crest expression.  By themselves, pax3 in the ectoderm 
promotes expression of genes that specify the hatching gland, and zic1 alone in the anterior 
neural border promotes pre-placodal fates (Hong and Saint-Jeannet, 2007).  It is the overlapping 
activity of pax3 and zic1 in the posterior neural plate border, which activates the expression of 
neural crest markers (Hong and Saint-Jeannet, 2007; Milet et al., 2013; Bae et al., 2014; 
Plouhinec et al., 2014).  Expression of pax3 is found in the posterior neural border and is 
positively regulated by FGF, Retinoic Acid, Wnt signaling pathways and tfap2a (Bang et al., 
1997).  Instead, zic1 is inhibited by those same posteriorizing signals results in an expansion of 
the anterior domain of zic1 (Hong and Saint-Jeannet, 2007). 
 
Expression of neural crest specifiers appears between early and mid neurula stages of Xenopus 
embryos (stage 12.5-14).  The earliest neural crest specifiers detected at early neurula (St. 12-13) 
include snai2, foxd3, tfap2b, sox8 and tfap2e; while other migratory neural crest markers such as 
sox10 and twist appear at mid neurula (St. 14).  All together, the neural crest specifiers confer 
mesenchymal and migratory properties characteristic of the neural crest cells, but also they are 
required to maintain the multipotent state of the neural crest (Simões-Costa and Bronner, 2015). 
 
In vertebrates, twist and snai2 mediate EMT processes by directly repressing expression of 
epidermal cadherin (E-Cadherin) and indirectly promote expression of genes involved in cell 
shape changes and motility (e.g. Rho kinases and metalloproteinases), and adoption of a 
mesenchymal fate (N-Cadherin) (Barrallo-Gimeno et al., 2004). Twist and Snai2 physically 
interact with each other independently of DNA binding, and Twist’s ability to interact with Snai2 
is controlled by phosphorylation modifications catalyzed by GSK3-β kinase (Lander et al., 
2013).  Non-vertebrate chordates express snai homologs in mesodermal mesenchyme and the 
dorsal ectoderm(Nieto, 2002), but none of the ectodermal cells in these species become 
mesenchymal.  Unless in experiments where twist is forced to be expressed in pigmented cells 
from the ectoderm (Abitua et al., 2012). 
 
All of the neural plate borders and neural crest specifiers are transcription factors that bind to 
distal and proximal regulatory regions of their gene targets (Williams et al., 1988).  The enhancer 
elements contain sufficient information to instruct the time and place of activation of gene 
expression, but initiation of transcription will depend on whether activators are present inside the 
nucleus and the chromatin state of the enhancer region (McKnight and Kingsbury, 1982).  Since 
neural crest specifiers have similar regulatory behavior, their target genes probably contain 
	  9	  
combinations of DNA binding motifs on their enhancer regions. This has been shown to be true 
for Tfap2a and the nuclear receptors NR2F1/2, which show co-occupy in active enhancers of the 
neural crest (Rada-Iglesias et al., 2012). 
 
 
The Tfap2 family of transcription factors 
The transcription factors Tfap2a has been studied extensively in vertebrates for its participation 
in epidermal (Luo et al., 2002) and neural crest development.  In Xenopus, tfap2a is expressed in 
all ectodermal territories before gastrulation.  It is then cleared out from the neural plate as 
gastrulation proceeds.  By the early and mid neurula stages tfap2a is restricted to the epidermis 
(Winning et al., 1991)  and neural crest (Luo et al., 2003).  Tfap2a is the only neural border 
specifier that acts repeatedly during the specification of the ectoderm (de Crozé et al., 2011).  
First, its early expression is required to specify the non-neural ectoderm, second it is required to 
activate the neural plate border expression of msx1 and pax3, and it also seems to act 
downstream of pax3 and zic1 to activate and maintain the expression of neural crest specifiers 
(de Crozé et al., 2011).  
 
All vertebrates share in their genomes five members of the Tfap2 family of transcription factors: 
tfap2a/α, tfap2b/β, tfap2c/γ, tfap2e/ε, and tfap2d/δ (Williams et al., 1988; Eckert et al., 2005).  
The most variable portion of the Tfap2 proteins is the N-terminal transactivation domain, and the 
highly conserved C-terminus domain is required for dimer formation and DNA interactions 
(Eckert et al., 2005).  All members can form homo- and heterodimers and can recognize the AP2 
canonical binding site [5’-GCC NNN GGC-3’] (Mohibullah et al., 1999).  The affinity of Tfap2d 
for canonical AP2 sites is reduced compared to the other Tfap2 proteins (Zhao et al., 2001a), 
suggesting  that Tfap2d may regulate different subset of target genes (Eckert et al., 2005).  
Recent studies performed in human stem cells induced to differentiate into neural crest cells have 
proposed that Tfap2a may act as a pioneer transcription factor that interacts with inactive 
chromatin and makes that DNA more accessible to other neural crest or placodal transcription 
factors (Smale, 2010; Rada-Iglesias et al., 2013). 
 
In Xenopus, tfap2 family members exhibit different expression patterns. tfap2a and tfap2c 
resemble each other in expression, initially in the whole ectoderm and later in the epidermis and 
neural crest.  In contrast, tfap2b and tfap2e are expressed exclusively in the neural crest at mid 
neurulation (Luo et al., 2003; Zhang et al., 2006) (Figure 1.3).  These expression differences 
must have derived from changes in their regulatory elements after the two rounds of whole 
genome duplication that occurred in the vertebrate lineage (Dehal and Boore, 2005; Green and 
Bronner, 2013).  Strikingly, all vertebrates have tfap2b and tfap2d adjacent and in direct 
orientation.  In mouse and zebrafish, tfap2d has the least similar expression pattern amongst the 
tfap2 genes. In both species the gene is only found in the brain (Zhao et al., 2003; Van Otterloo 
et al., 2012). This, together with the fact that tfap2d has different abilities in recognizing AP2 
motifs, indicates that tfap2d is under different selective pressures than the rest of its gene 
paralogs.  Studies in zebrafish and mouse have demonstrated that any tfap2 genes (except tfap2d) 
can compensate for the loss of another tfap2 gene (Li and Cornell, 2007; Van Otterloo et al., 
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2012).  It has been proposed that the functional redundancy may provide robustness to the neural 
crest gene regulatory network (de Crozé et al., 2011; Bassett et al., 2012). 
 
Multiple studies have confirmed the relevance of Tfap2 genes in the specification of epidermis 
and neural crest.  Among the direct targets that have been reported to be under direct regulation 
of Tfap2a include pax3, sox10, snai2, and inca/fam212a (Luo et al., 2005; de Crozé et al., 2011).  
However, in Xenopus it is unknown which Tfap2 targets specify the neural crest independently 
of their participation in the specification of the epidermal and placodal ectoderm.  
 
 
 
 
 
Figure 1.3: Schematics of tfap2a and tfap2e expression at gastrulation and neurula stages in 
Xenopus embryos. 
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Chapter 2  
 
Tfap2e mediates neural crest specification and migration in Xenopus 
 
 
 
Summary 
We identified tfap2e in a screen of functionally uncharacterized transcriptional regulators 
expressed exclusively in Xenopus neural crest.  The expression pattern analysis reveals that 
tfap2e is localized in the developing neural crest throughout the embryo. Tfap2 transcription 
factors have been implicated in epidermal and neural crest development.  By studying tfp2e 
function, we bypass the early requirement of Tfap2 in the development of non-neural ectoderm. 
 
Knockdown of tfap2e in Xenopus embryos causes a delay in the expression of the neural crest 
specifier genes snai2 and sox10.  Even after compensation for delay in neural crest specification, 
tissue transplantation experiments demonstrate that tfap2e is required and sufficient for 
delamination and cell migration, key properties of the neural crest cell identity.  In tadpoles, loss 
of tfap2e leads to a reduction in the size of the cranial cartilage, fins, and it also decrease the 
density of Rohon-Beard (RB) sensory neurons and melanocytes.  Knockdown also impedes the 
tadpole’s ability to detect light touch, a sensory function carried out by RB neurons 
(Lamborghini, 1980).  
 
We identified 76 genes that correlate with Tfap2e activity and that could potentially explain the 
role of Tfap2e during neural crest specification, delamination and migration, and differentiation.  
Among the genes that are positively influenced by Tfap2e activity are neural crest specifiers, 
genes involved in mesenchymal and migratory cell behaviors, and Rohon-Beard neuron 
specification.  Whereas tfap2e knockdown negatively regulates the expression of the stem cell 
transcription factor ventx2.1 and the upregulation of genes required for placodal and non-neural 
ectoderm specification, hesx1 and gata2. 
 
 
 
Introduction 
One of the more intriguing questions in developmental biology involves understanding which 
mechanisms instruct cells to adopt a particular fate.  For decades the vertebrate neural crest has 
served as a model to understand the hierarchical relationships of gene regulation, which drive 
specification and differentiation.  In vertebrates, the neural crest is formed at neurulation due to 
the combination of FGF, WNT, BMP molecules and transcription factors expressed in the neural 
plate border region (LaBonne and Bronner-Fraser, 1998).  Some of the neural plate borders such 
as tfap2a, msx1, and dlx3 are found in the non-neural portion of the ectoderm, where they are 
required to specify the epidermis, pre-placodal region and the neural crest (Feledy et al., 1999).  
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Others as pax3 and zic1are found in more defined regions across the neural border where they 
are required to specify the placodal and neural crest fates (Hong and Saint-Jeannet, 2007).  
Overlapping expression of Pax3 and Zic1 alone have been shown to be sufficient to induce 
neural some genes that confer neural crest identity, e.g. foxd3, tfap2b/e, snai2, and twist1 (Luo et 
al., 2003; de Crozé et al., 2011; Milet et al., 2013; Pegoraro and Monsoro-Burq, 2013; Hong et 
al., 2014; Plouhinec et al., 2014).  
 
The interactions between inductive signals, neural plate border genes, and neural crest specifiers 
have been represented in a gene regulatory network (Sauka-Spengler and Bronner-Fraser, 2008; 
Betancur et al., 2010; Simões-Costa and Bronner, 2013; 2015).  As new genes are found to be 
involved in the regulation of the neural crest, new nodes are added to the network, and new 
interactions need to be made based on epistatic relationships and cis-regulatory evidence. To 
contribute to these efforts, we designed a transcriptomic screen to identify novel regulators of the 
neural crest in Xenopus.  We identified tfap2e gene exclusively expressed in Xenopus neural 
crest and preceded to characterize its expression and function.  
 
tfap2e is a member of the TFAP2 family of transcription factors (tfap2-a, -b, -c, -d and –e) that 
can recognize canonical AP2 binding sites (Tummala et al., 2003).  In different vertebrate 
systems, tfap2a, tfap2b, and tfap2c genes have been implicated in the processes of cell growth, 
differentiation, migration, epithelial-to-mesenchymal transition (EMT), and epidermal and neural 
crest cell specification (Schorle et al., 1996; Zhang et al., 1996; Hilger-Eversheim et al., 2000; 
Barrallo-Gimeno et al., 2004; Knight et al., 2005; Hoffman et al., 2007; de Crozé et al., 2011).  
In mouse, tfap2e knockout is reported to affect only the migration of mitral cells within the 
layers of the olfactory bulb (Feng et al., 2009), while for zebrafish tfap2e seems to cooperate 
with tfap2a to promote melanocyte differentiation (Van Otterloo et al., 2010).  Mouse tfap2e 
knockouts are viable and fertile and do not have evident signs of craniofacial defects, a common 
cranial neural crest defect.  Suggesting that in mouse and zebrafish tfap2e has a milder 
contribution in forming the neural crest with respect to its paralog tfap2a (Knight et al., 2003).  
Studies in zebrafish demonstrated that tfap2e has the same potential to promote expression of 
tfap2a/c targets (Van Otterloo et al., 2012).  A recent study in Xenopus demonstrated that tfap2e 
is expressed in the neural crest and that it is required for specification and neural crest migration 
(Hong et al., 2014).  Thus it is likely that the phenotypic differences observed in the tfap2 gene 
knockouts are due to their expression pattern differences. 
 
Most of the functional studies of the Tfap2 family in Xenopus have been done using tfap2a. This 
particular factor is highly expressed during gastrulation thought the ectoderm and at neurulation 
becomes restricted to the non-neural territories of the ectoderm. tfap2a specifies the epidermis 
and is required to activate the neural plate border gene pax3(de Crozé et al., 2011).  The 
specification of non-neural ectoderm, in chicken and Xenopus embryos, depends on the positive 
feedback between BMP signaling and tfap2a/c (Luo et al., 2003; Qiao et al., 2012; Nordin and 
LaBonne, 2014).  Disruption of BMP signaling at gastrulation results in failure to specify ventral 
fates of the ectoderm.  Thus altering BMP signaling or tfap2a negatively impacts the 
establishment of the epidermis, neural plate border, and consequently of the neural crest.  
 
Because tfap2e in Xenopus is specific to the neural crest (Hong et al., 2014), the knockdown 
phenotypes bypass the requirements of tfap2 genes at gastrulation. Two independent reports have 
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proposed that tfap2e and tfap2b are downstream target of Pax3 and Zic1 (Bae et al., 2014; 
Plouhinec et al., 2014).  And more recently tfap2e has shown to regulate snai2 and sox10 
expression during early neural crest specification (Hong et al., 2014).  Identification of Tfap2e 
may provide further understanding of the mechanisms that control cell delamination and 
migration in the cranial and trunk of Xenopus that are dependent on Tfap2 transcription factors. 
 
 
 
Results  
 
Identification of tfap2e and characterization of its expression profile  
We carried out a screen to identify uncharacterized transcriptional regulators expressed 
exclusively in the neural crest.  For this purpose, we manually dissected and collected the cranial 
neural crest (NC), anterior neural fold (ANF) and the remaining parts of the Xenopus laevis 
whole embryo (WE) at the mid-neurula stage (Figure 2.1A).  The anterior neural fold is located 
at the border of the anterior neural plate and epidermis and gives rise to sensory placodes that 
surround the neural crest and the anterior neural plate (Chapter 1, Figure 1.2).  We decided to 
compare these two contiguous tissues because although both originate from contiguous regions 
of the ectoderm, at the neurula stage they express unique placodal and neural crest markers that 
would help me identify neural crest specific genes (Groves and LaBonne, 2014). 
 
I prepared Illumina RNA-seq libraries after we confirmed by semi-quantitative PCR that neural 
crest (snai2, sox9), neural border (zic5), epidermal (krt18), and mesodermal markers (actc1, 
myod1) were expressed as expected in the dissected tissues.  The sequencing reads were mapped 
against the transcriptome of Xenopus tropicalis, and normalized read counts were used to 
compare expression in neural crest versus the anterior neural fold and the rest of the embryo.  
The top 100 genes enriched in the neural crest and anterior neural fold are in Tables 1.1 and 1.2 
respectively.  We selected neural crest enriched genes that, at the time of the analysis, were not 
reported in the literature to have a role in neural crest formation.  Of the 33 genes expression 
patters analyzed by in situ RNA hybridization in Xenopus tropicalis (Table 2.3), tfap2e was the 
one showing the most specific expression in the neural crest expression and we decided 
investigate its role during neural crest development. 
 
Since tfap2e belongs to the Tfap2 family of transcription factors (Eckert et al., 2005), we 
compared the levels and expression patterns of the other four members of this family: tfap2a, 
tfap2b, tfap2c, and tfap2d (Figure 2.1B, 2.2).  From the comparisons, we observed that the 
expression levels of tfap2b and tfap2e were not as high as tfap2a or tfap2c (Figure 2.1B), but 
their expression was highly specific to the neural crest tissue (Figure 2.1B,C).  The in situ 
expression pattern of tfap2e resembles tfap2b’s expression; both genes are expressed as soon as 
the neural crest emerges and are exclusive to the neural crest.  However, tfap2b differs from 
tfap2e in that it is also detected in the lateral mesoderm or future pronephros (Zhang et al., 2006) 
(Figure 2.2).  We proceeded to analyze in detail the expression pattern of tfap2e in Xenopus 
tropicalis from early neurogenesis until tadpole stages (Figure 2.3).  
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The earliest stage of tfap2e expression by in situ hybridization occurs in the prospective neural 
crest at the early neurula stage (St. 12.5).  At mid neurula (St. 13-16), it is found along the cranial 
and trunk neural crest regions, and by late neurula (St. 18-22) and early tadpole stages, it is 
detectable in the mandibular, hyoid, and branchial streams of migratory neural crest cells (Figure 
2.3A-C).  At stage 24, tfap2e expression is prominent in the two posterior branchial streams and 
in the trunk neural crest (Chapter 1, Figure 1.3D).  Swimming tadpoles express tfap2e in 
localized regions of the fore-, mid-, and hindbrain, eye, mandibular arches, and in the trunk 
neural crest cells (Figure 2.3E-G).  From stages 30 through 34, tfap2e-positive cells from the 
trunk region appear to migrate as individual cells following the migratory ventral, dorsal and 
lateral routes described by Collazo et al., 1993 and Krotoski et al., 1988 (Figure 2.3E-G).  It is 
possible that some of the tfap2e-positive cells from the trunk that follow a ventral route populate 
pronephric and enteric regions (Figure 2.3E’’’, F’’’, G’’’).  Only few tfap2e-expressing cells 
appeared to follow dorsal and lateral routes that populate the dorsal fin and the region between 
the somites and the epidermis (Figure 2.3F’’’’).  
 
The fact that tfap2e is exclusively to the neural crest, makes it an ideal candidate to investigate 
the roles of tfap2 genes during neural crest formation, after pre-placodal and epidermal regions 
have specified.  We designed two splice blocking antisense morpholino oligonucleotides to 
knock down the expression of tfap2e in Xenopus laevis and Xenopus tropicalis (tfap2e MO1 and 
tfap2e MO2, Figure 2.4).  We also made a GR-tfap2e construct that can be induced by 10 µM of 
Dexamethasone (DEX) to enter the nucleus and activate transcription, allowing the temporal 
control of activity of the protein.  The construct was made by fusing the ligand-binding domain 
of the glucocorticoid receptor (Kolm and Sive, 1995) onto the amino-terminal region of Tfap2e 
from Xenopus tropicalis.   
 
To gain evidence of tfap2e’s role in development, we evaluated the gross morphological 
phenotypes caused by its loss of function in tadpoles (St. 40-43) (Figure 2.5).  We observed that 
cranial and trunk neural crest derivatives were severely compromised.  In particular, the cranial 
cartilage was small in size and was disrupted (Figure 2.6C), melanocyte density was reduced, the 
dorsal and ventral fins were nearly gone, and some older tadpoles had cysts.  Many of these 
phenotypes were partially rescued after injection of tfap2e mRNA into the morphants, and 
interestingly, the overexpression of tfap2e led to ectopic localization of melanocytes in the dorsal 
fin.  Based on these phenotypes, we proceeded to analyze the contributions of tfap2e during 
specification, migration and differentiation of the neural crest. 
 
Loss of tfap2e delays neural crest specification and causes cranial cartilage defects 
To assess the role of tfap2e during neural crest specification, we injected tfap2e morpholino 
(MO1) into one blastomere at the two-cell stage of X. laevis embryo development and analyzed 
the expression pattern of neural crest genes at early (St. 14), mid (St. 16-18), or late neurula (St. 
19-23) (Figure 2.6A,B).  In agreement with recent observations (Hong et al., 2014), the 
expression of the early neural crest specifier snai2 was not detected in tfap2e morphants at early 
neurula.  However, by mid and late neurula, expression of snai2 and sox10 was recovered in 
morphants, although their domain was still reduced (Figure 2.6A).  At late neurula, tfap2e 
morphants exhibited defects in the formation of the migratory streams characteristic of the 
	  15	  
cranial neural crest, as shown by snai2 and twist markers of migrating neural crest (Figure 2.6A).  
Similarly, Xenopus tropicalis also exhibited the same defect: the neural crest remained in the 
dorsal neural tube region, and more specifically, the mandibular and hyoid streams appeared to 
remain fused to each other (Figure 2.6D).  The observed loss of snai2 and sox10 due to tfap2e 
knockdown was rescued by injecting tfap2e mRNA into morphants (Figure 2.6B, E) (Hong et 
al., 2014).  
 
A very common phenotype associated with neural crest defects is abnormal morphology of 
cranial cartilage.  In fact, this was a prominent defect in tadpoles lacking normal tfap2e activity 
in X. tropicalis (tfap2e MO1 or MO2) and X. laevis (tfap2e MO1) (Figure 2.6D).  These defects 
were not observed in tadpoles injected with control morpholino.  However, this does not resolve 
whether these defects are due to specification, delamination, migration, or differentiation of the 
neural crest.  In the following section we test and confirm that tfap2e is necessary and sufficient 
to promote delamination and migration of the neural crest cells. 
 
Loss of tfap2e disrupts neural crest delamination and migration  
Besides populations from the anterior portion of the neural crest, which migrate and form 
streams, a small number of sox10-positive neural crest cells from the cranial and vagal domains 
delaminate and migrate as individual cells towards the neural tube midline (Davidson and Keller, 
1999; Aoki et al., 2003; Honoré et al., 2003).  We observed fewer sox10-expressing cells 
between the neural crest and the dorsal midline on the side injected with any of the tfap2e 
morpholinos designed against X. tropicalis (Figure 2.7C).  Suggesting that neural crest 
delamination and migration were being affected by the knockdown. 
 
We proceeded to investigate whether tfap2e is required for neural crest delamination and 
migration.  For this purpose, we designed neural crest transplantation experiments in X. laevis 
that would prevent endogenous tfap2e expression but allowed to temporally control the induction 
of exogenously provided GR-tfap2e (Figure 2.7D).  Donor embryos were injected with lineage 
tracer (hist2b-GFP) alone or together with the inducible GR-tfap2e and or tfap2e MO.  In order 
to compensate with the observed delay of specification in the tfap2e morphants, host embryos 
(St. 15) received a neural crest transplants from an older donor embryo (St. 17).  At stage 19 half 
of the transplanted embryos were incubated in media containing DEX.  The cranial neural crest 
of stage 27 tadpoles was visualized under a fluorescent microscope (Figure 2.7D-E).  The control 
neural crest transplants, injected only with tracer, migrated following the normal mandibular 
neural crest stream (Figure 2.7Ei), whereas the transplanted cells lacking Tfap2e activity halted 
in the forebrain and midbrain regions (Fig. 4E-ii).  Importantly, this defect is partially rescued in 
tadpoles in which the GR-tfap2e was induced by treatment with DEX (Fig. 4E-iii).  These 
observations suggest that the transcriptional activity of Tfap2e is required for delamination and 
migration of the cranial neural crest streams. 
 
Overexpression of tfap2e is capable to expand the expression of snai2 and sox10 (Figure 2.6) in 
the neural border, but cannot induce ectopic expression of these markers in the ventral epidermis.  
Thus we asked if tfap2e was sufficient to induce delamination and migration of animal cap cells 
fated to become ventral epidermis.  We injected X. laevis pigmented embryos, in both 
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blastomeres at the two cell stage, with either GR-tfap2e mRNA or tfap2e MO1, and hist2b-GFP 
to serve as a lineage tracer.  At late blastula, the animal caps of the injected embryo were 
transplanted into the animal pole of albino host embryos from the same stage.  Induction of GR-
tfap2e activity was done at mid gastrula (St. 10.5) after embryos recovered from the procedure.  
We visualized the GFP-labeled donor cells in the host embryos at mid neurula (Figure 2.8B-C) 
or at tadpole stages (Figure 2.8A).  Based on the number of embryos whose transplanted cells 
crossed the donor-host graft boundary (Figure 2.8B), and the distances of labeled cells from the 
host-graft boundary (Figure 2.8C).  We conclude that GR-tfap2e activity promotes EMT and 
possibly migration of transplanted cells in the ventral ectoderm.  The transcriptional activity of 
sox10, snai2 and twist, induced by Tfap2e could partially explain these observations; however, 
there could be other direct targets of Tfap2e that could also contribute to these observations. 
 
Transcriptional outputs of Tfap2e activity 
In order to identify Tfap2e target genes that could explain the roles of Tfap2e exclusively in the 
neural crest that contribute to EMT and migration.  We analyzed the transcriptional readouts of 
whole embryos under the modulation of Tfap2e’s activity.  For this purpose, we sequenced the 
transcriptome of X. laevis embryos injected in both blastomeres with combinations of tfap2e 
MO1, GR-tfap2e and tfap2e mRNA.  At the end of gastrulation, half of the control embryos and 
those injected with GR-tfap2e were incubated in DEX.  Four biological replicates of individual 
whole embryos (St. 16) were collected for each of the 8 conditions: 1) uninjected control (UC), 
2) UC + DEX, 3) GR-tfap2e mRNA, 4) tfap2e MO1, 5) tfap2e MO1 + GR-tfap2e mRNA, 6) 
tfap2e MO1 + GR-tfp2e mRNA + DEX, 7) GR-tfap2e mRNA + DEX, 8) tfap2e mRNA.  The 
mRNA from these samples was used to prepare Illumina RNA-seq libraries.  The sequenced 
reads were mapped to the X. laevis v.1.6 transcriptome and the raw counts were used to identify 
differentially expressed genes (Figure 2.9). 
 
To identify groups of co-expressed genes that associate with tfap2e function, we looked for 
genes that were significantly affected in two independent comparisons.  The first comparison 
was done between the uninjected controls and the tfap2e morphants, for which we identified 
~1,300 differentially expressed genes.  In the second comparison, done between tfap2e 
knockdowns (tfap2e MO1 + GR-tfap2e, not induced) versus the tfap2e rescues (tfap2e MO1 + 
GR-tfap2e + DEX), we identified ~1,900 differentially expressed genes.  The intersection 
between these two comparisons provided a list of 76 transcripts that associated with Tfap2e 
function (51 positively and 25 negatively). To know how well these transcripts correlated with 
each other’s expression, we calculated the Pearson’s correlation coefficient using the mean of the 
normalized expression values across the 8 different conditions (Figure 2.9).  Pairwise correlation 
coefficients were clustered and represented in a heatmap, where the blue and red color represents 
the degree of positive or negative correlation values that were statistically significant (p-val < 
0.05) (Figure 2.10). This approach allowed us to identify all genes that strongly associate with 
tfap2e activity.  
The mean and standard expression values of the transcripts that were correlated with Tfap2e 
activity are shown in Figure 2.11, as well as the expression of the control house-keeping genes 
eef1a, gapdh, and odc, which do not appear to associate with the presence or absence of tfap2e 
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function.  The complete list of transcripts found to correlate either positively or negatively with 
Tfap2e activity is on Figure 2.11C. 
 
The genes that positively associated with tfap2e were involved in neural crest specification 
(snai2, sox9, sox10), epithelial to mesenchymal transition or cell motility (aamp, adam9, bcar1, 
flna, nrp1, ptk2b, snai2, sox9, sox10, and vasn), and cell differentiation (aamp, abcb5, adam9, 
cacna1h, ccdc88a, col4a5, ebf2, flna, mycn, naglu, notch2, nrp1, olfm4, pax8, ptk2b, snai2, 
sox10, sox3, sox9, tlx3, tpm4, vasn).  Whereas, genes relatively correlated with the loss of tfap2e 
were associated with the establishment of the pre-placodal domains (gata2, hesx1, cyp26a1), 
associated to stem cell maintenance (ventx and klf2) and processing in endoplasmic reticulum 
and protein destabilization (derl1, hspbp1, sec61g, and xbp1). Taking these observations 
together, it seems that tfap2e promotes the expression of neural crest specifiers, and genes that 
facilitate delamination and migration, and directly or indirectly may prevent specification of the 
non-neural ectoderm.  Equipped with an understanding at transcriptional and phenotypic levels 
of Tfap2e’s function in the early stages of neural crest development, we moved forward to 
characterize its contributions as the neural crest continues to develop, focusing the specification 
and differentiation of the trunk neural crest. 
 
Role of tfap2e trunk neural crest specification and differentiation 
The predominant expression of tfap2e in the trunk neural crest (Figure 2.3) encouraged us to 
investigate its role in the specification and differentiation of its derivatives.  Hong et al. showed 
in 2014 that tfap2e in the trunk region is expressed in the same population of cells that express 
runx1, which gives rise to the Rohon-Beard (RB) sensory neurons (Park et al., 2012).  In 
addition, they demonstrated that loss of tfap2e prevents runx1 expression (Hong et al., 2014).  
We asked if the absence of RB neurons could be due to problems in their differentiation by 
evaluating the effects of tfap2e knockdown on the expression of the neuronal marker n-tubulin 
(ntub/tubb2b).  
 
During neurogenesis, n-tubulin is expressed in the medial, intermediate, and lateral stripes of 
differentiating neurons, but knockdown of tfap2e in one side of the embryo decreased the 
expression of n-tub in the lateral stripes, with a milder affect on differentiation in the medial and 
intermediate stripes (Figure 2.12).  Because tfap2e is not found in the neural plate, we 
hypothesize that inhibition of medial and intermediate neuron differentiation is possibly a non-
cell autonomous effect.  
 
In the transcriptome analysis, we detected, an important specifier of these neurons, tlx3/hox11L2 
(Patterson and Krieg, 1999; Cornell and Eisen, 2005; Guemez-Gamboa et al., 2014), as a gene 
positively responsive to Tfap2e activity.  In Xenopus, tlx3 is normally expressed in the lateral 
stripes that will give rise to the RB sensory neurons (Patterson and Krieg, 1999) (Figure 2.2).  In 
tfap2e knockdown embryos, the expression of tlx3 is downregulated (Figure 2.12A,B).  
However, the inhibition of n-tub and tlx3 in tfap2e morphants can be partially rescued when GR-
tfap2e is induced at stage 12 (Figure 2.12A).  Furthermore, if the induction is done slightly 
earlier, at mid gastrulation, the expression level can be comparable to the levels in uninjected 
	  18	  
controls (Figure 2.12B).  In some of these cases, we observe a significant increase of n-tub and 
tlx3 in the posterior region (Figure 2.12, 2.13, and 2.16A).  
 
In amphibians and fish, the touch sensing Rohon-Beard neurons are specified at the edges of the 
neural plate border as neurulation begins (Lamborghini, 1980; 1987).  The RB’s cell bodies 
localize to the dorsal spinal cord, with neurites innervating the skin of young tadpoles 
(Lamborghini, 1980; 1987) (Figure 2.13).  However, as tadpoles mature the RB neurons undergo 
apoptosis and their function as sensory organ is then taken over by the spinal nerves and the 
dorsal root ganglia (Lamborghini, 1987).  When we induced GR-tfap2e or overexpressed tfap2e, 
we observed ectopic localization of differentiated sensory neurons, as detected using the Tor219 
primary antibody (Figure 2.13).  In fact, many mislocalized RB cell bodies were found in clumps 
outside the dorsal neural tube (Figure 2.13 and 2.14A).  These observations indicate that Tfap2e 
is likely to regulate the formation of RB neurons by promoting neural differentiation and 
possibly through direct activation of tlx3 expression.  The mislocalization of these cells in tfap2e 
morphants may be the combined effects of a broadened neural crest region, detachment of cells 
promoted by EMT processes, and activation of regulators of RB specification.  We measured the 
ability of X. laevis tadpoles to respond to touch by poking them with an eyebrow knife just below 
the somites, and counting the number of times required to provoke a twitch in the tadpole.  At 
least 87% of the control tadpoles injected only with control morpholino or mRNA tracer 
responded with a slight bending after having received one or two touch stimuli. 79% of tfap2e 
mRNA injected tadpoles responded after the first two pokes.  Strikingly, only 22% of the tfap2e 
morphants tadpoles twitched after the first two pokes (Figure 2.14B, 2.15).  The knockdown 
phenotype is dose dependent and can be partially rescued by reintroducing functional 
tfap2e mRNA (Figure 2.15).  
 
As previously demonstrated here and consistent with the transcriptome analysis, induction of 
tfap2e expands trunk expression of snai2, tlx3, sox10, and ntub, but also tfap2b.  While the 
opposite is observed in tfap2e knockdowns (Figure 2.16).  In our transcriptomic analyses 
ventx2.1 resulted negatively correlated with Tfap2e activity (Figure 2.10, 2.11B).  Ventx2.1 is a 
transcription factor that positively regulates BMP signaling (Onichtchouk et al., 1996), and it has 
been proposed to function analogous to the mammalian stem cell factor nanog.  We observed 
that the loss of trunk neural crest specification in the trunk (Figure 2.16B, red arrowheads in 
tfap2b and snai2) was accompanied with an anterior expansion of venxt2.1 expression in the 
dorsal neural tube (Figure 2.16B).  Suggesting that the neural plate border region in the trunk that 
failed to form neural crest, is being kept undifferentiated and in a stem cell fate.  Further analyses 
may be required to determine whether the presence of ventx2.1 is causing repression of trunk 
neural crest, or ventx2.1 is just readout of undifferentiated fate.  
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Discussion 
 
In this study, we identified and characterized the function of the transcription factor tfap2e in 
neural crest development in Xenopus.  During the time of the study, (Hong et al., 2014) 
independently demonstrated that tfap2e is highly specific to the neural crest of Xenopus laevis 
and showed that tfap2e is essential for early activation of neural crest specifiers: snai2 and sox10.  
We noticed, however, that the expression of these two markers was delayed as we could detect 
them by mid and late neurula stages (Figure 2.2).  One possible explanation for this observation 
is that levels of tfap2a and tfap2c may accumulate over time and compensate for the loss of 
tfap2e, as these genes have been demonstrated to be functionally redundant (Knight et al., 2005; 
Hoffman et al., 2007; Li and Cornell, 2007; Van Otterloo et al., 2010). 
 
Before this study, tfap2e had been implicated in zebrafish for its roles in melanocyte 
differentiation (Van Otterloo et al., 2010), and in mouse in the migration of cells in the olfactory 
bulb (Feng et al., 2009; Hong et al., 2014).  Our study supports that tfap2e in Xenopus is key and 
equally important during the processes of specification, migration, and differentiation of neural 
crest cell derivatives.  Unlike zebrafish {anOtterloo:2010fu} and mouse (Feng et al., 2009), 
loosing tfap2e in Xenopus leads to severe defects in the morphology of cranial cartilage and 
inability to respond to touch stimuli at tadpole stages (Figure 2.5 and 2.14).  
 
Loss of function experiments in whole embryos and in ectodermal tissue transplants 
demonstrated that Tfap2e is required and sufficient for neural crest delamination and migration, 
even after compensation for the delay in neural crest specification (Figure 2.6, 2.7). This process 
may be coordinated through the direct regulation of the transcriptional regulators snai2, sox10, 
twist (Figure 2.6), extracellular cell matrix proteins such as adam9, flna, and col4a5, or other 
genes that were found in the transcriptome analysis and that have been associated with migration 
in other tissues (Figure 2.9-11).  
 
Loss and gain of function experiments suggest that tfap2e promotes differentiation of Rohon-
Beard neurons through the positive regulation of tlx3, a specifier of these sensory neurons.  
However, tfap2e may influence differentiation in a non-cell autonomous fashion, as ntub 
expression in motor and intermediate neurons was slightly reduced in tfap2e morphants (Figure 
2.12 and 2.16).  Furthermore, the overexpression of tfap2e often led to ectopically localized 
bundles of Rohon-Beard cell bodies and melanocytes mislocalized to the dorsal fin. These may 
result from the combination of expansion of the neural crest fate, adoption of a mesenchymal 
state, and induction of differentiation.  Even if tfap2e regulates tlx3, we cannot yet know for sure 
whether tfap2e favors differentiation towards a specific neural crest derivative.  
 
Among our last observations coming from the transcriptome and in situ expression analyses is 
that loss of posterior neural crest specification in tfap2e morphants coincides with an increase 
and anterior expansion of ventx2.1.  It is possible that an overall reduction of tfap2 genes (tfap2b 
and tfap2e) in the posterior trunk causes the dorsal neuro-ectoderm to adopt an undifferentiated 
fate (Figure 2.16).   
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Most of Xenopus studies of Tfap2 genes have focused on tfap2a’s role in the specification of 
non-neural ectoderm and the neural crest.  Our results fit with the proposed model of reiterative 
action of tfap2a in the specification of the non-neural ectoderm, and later for the maintenance of 
neural crest fate (de Crozé et al., 2011).  Even though the involvement of tfap2e function cannot 
be generalized to all vertebrate organisms based solely on the work described here, it is still 
informative about how Tfap2 genes participate in the regulation of EMT and neural crest 
migration.  It is important to further investigate if the genes found in the transcriptome analysis 
are bona fide Tfap2e targets and are required for neural crest development.  Identification of 
neural crest gene regulatory elements will be critical for a building a more informative neural 
crest gene regulatory network.  
 
Many human birth defects are associated with neural crest malformations show affections in one 
or multiple neural crest derivatives.  For instance, affected individuals may present a 
combination of craniofacial deformations, pigmentation abnormalities, heart problems, and 
speech and hearing disabilities, among other defects (Menendez et al., 2013).  In humans, amino 
acid mutations that cause a partial loss of tfap2a function are associated with branchio-oculo-
facial syndrome (Milunsky et al., 2008; Li et al., 2013) and orofacial cleft (Rahimov et al., 
2012).  Mutations in another family member, tfap2b, are linked to Char syndrome (Satoda et al., 
2000; Zhao et al., 2001b) and patent ductus arteriosus (Chen et al., 2011).  According to the 
Decipher database (Firth et al., 2009), human patients with large genomic deletions in the 1p34.3 
genomic loci, which includes the tfap2e gene, present phenotypes associated with 
neurocristopathies: depressed nasal bridge, micrognathia, microtia, short or hypoplastic philtrum, 
brachycephaly, speech delay, narrow mouth, aplasia/hypoplasia of the nares (Decipher ID: 3456, 
260150, 276509, 291728).  Furthermore, that same locus has also been associated with Van der 
Woude syndrome 2, a neural crest disorder characterized by lip and cleft palate (Koillinen et al., 
2001).  So far, the exact causes of the described phenotypes have not been identified; for this 
reason, it is necessary to investigate the role in embryonic development for the function of each 
gene residing in the deleted regions.  Further analyses will be required to determine the etiology 
of these common phenotypes. 
 
Open question remains as to which are the regulatory elements where Tfap2e acts to regulate 
expression.  And how has tfap2e regulatory elements have change so that mouse, zebrafish and 
Xenopus exhibit diverse expression patterns and knockdown phenotypes, as compared to tfap2a 
or tfap2c in other vertebrates, which seem to be regulated in similar tissues and have slightly 
related function in development.  
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Materials and Methods   
In vitro fertilization and natural matings in Xenopus laevis and tropicalis 
The stage of Xenopus embryos was determined according to Nieuwkoop and Faber (Nieuwkoop 
and Faber, 1994).  In vitro fertilizations on X. laevis were performed as following. Testis from 
one sexually mature male were dissected and incubated in fresh and cold 1X MBS media (1X 
MBS: NaCl 88 mM, KCl 1 mM, MgSO4 1 mM, HEPES 5 mM, NaHCO3 2.5 mM, CaCl2 0.7 
mM, adjusted to pH 7.8) and kept for a week at 4°C.  Ovulation of X. laevis female frogs was 
induced by injecting in the dorsal lymph sac 500 units of human chorionic gonadotropin (hCG 
from Chorulon) 16 hours prior to egg collection.  The following day, eggs were gently obtained 
and placed into a glass petri dish, fertilized by uniformly distributing 300 µl of macerated testis 
in 1X modified Barth's saline media.  After 5 minutes, the dish with sperm and eggs was filled 
with 1/3 of Modified Ringer’s (MR; 1X MR: NaCl 100 mM, KCl 1.8 mM, CaCl2 2 mM, MgCl2 
1 mM, HEPES 5 mM, pH 7.0) and transferred into a 16°C incubator.  An hour after fertilization 
embryos were dejellied by incubating at room temperature for 10 minutes in 3% cysteine (pH 8 
adjusted with NaOH) and rinsed 5 times with 1/3 MR.  The dish with embryos was kept at room 
temperature on top of a cool metallic tray (8-12°C) to keep embryos from fast developing.  
 
Xenopus tropicalis females were primed with 10 units of hCG (Chorulon) and males with 200 
units 16 hours prior pairing them.  The day of the mating, females received an extra dose of 200 
units of hCG and placed immediately into a tank with a primed male.  Fertilized embryos were 
collected with a plastic transfer pipette and deposited into a glass dish.  Embryos were dejellied 
for 10 minutes with 3% cysteine in water (pH 8).  After removing the jelly coat the embryos 
were rinsed five times with 1/9 MR and transferred into agarose coated plastic petri dishes.  
 
 
Embryo microinjections 
Injections were performed in the animal pole at the one or two-cell stage.  The maximum 
injection volume per blastomere was 5 nl for X. laevis and 3 nl for X. tropicalis.  The doses per 
blastomere were for X. laevis were 30 ng of tfap2e MO, 100-200 pg of GR-tfap2e, 50-200 pg of 
tfap2e mRNA.  Half the X. laevis doses used for X. laevis were used for X. tropicalis.  All 
mRNAs were traced with hist2b-GFP, mCherry and/or b-Galactosidase.  When we co-injected 
tfap2e MO1 and tfap2e MO2 in X. tropicalis we reduced the concentration to 3.75 ng each.  
Immediately after injections injected and uninjected control embryos were incubated at room 
temperature in 2.5% Ficoll (Sigma) diluted in 1/3 MR for X. laevis or 1/9 MR for X. tropicalis.  
At stage 7 embryos were washed five times with 1/3 or 1/9 MR conditioned with 50 µg/ml 
Gentamicin/GENT (Sigma).  Embryos were kept at a constant temperature through gastrulation.  
For rescue experiments in X. laevis embryos were injected with a total of 60 ng of tfap2e MO1 in 
both blastomeres at the two-cell stage and subsequently 200 pg of GR-tfap2e or 100 pg of tfap2e 
mRNA were injected in one of the blastomeres.  At stage 11 the controls and GR-tfap2e injected 
embryos were transferred in 1/3 MR + GENT media containing 10 µM of Dexamethasone. 
 
Morpholino sequences 
Two tfap2e splice blocking morpholinos (MO) were synthetized by Gene Tools, LLC (Oregon, 
USA). tfap2e MO1 blocks exon1-intron1: 5’-CCA CCC CAG CAC TTA CCA TGG CAG A-3’, 
and retains the first intron of X. laevis and X. tropicalis tfap2e.  The tfap2e MO2 (exon3-intron4: 
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5’-GGG AAC TAG TGT GGA CAA AGA AGA T-3’) retains the fourth intron of X. tropicalis 
tfap2e.  Fluoresceinated control morpholino: 5’- CCT CTT ACC TCA GTT ACA ATT TAT A 
3' was used as tracer for the injections with morpholino.  
 
Tfap2e constructs 
The 1.3 kb coding sequence from tfap2e (GenBank accession number GI: 194018627) was 
amplified from cDNA obtained from X. tropicalis embryos at stage 16.  The sequence was 
amplified using primers Xt-tfap2e-F (SalI – lower case): 5'-ACG Cgt cga cTG GAT CCT TCT 
CTG GAC GTT GCA C-3' and Xt-tfap2e-R (XhoI – lower case): 5'-CCG ctc gag GGC TCC 
TCG CAC CTA GTG GCT A-3') that included restriction sites ideal for insertion into the 
pCS108 expression vector (GI:108671050).  The inducible GR-tfap2e construct was made by 
fusing the ligand binding domain of the human glucocorticoid receptor to the N-terminus of the 
X. tropicalis Tfap2e.  We utilized the GR-XAP-2 (Luo et al., 2002) as a template to amplify the 
portion of the glucocorticoid receptor (GR) by using the following primer:  GRap2e-F3 (SalI): 
5'-ACG Cgt cga cAC CAT GTC TGG GCT AGC C-3';  GR-ap2e-R2 (NcoI): 5'-CGA Tcc atg 
gCT TCT AGA CCC TT-3'.  The PCR product was inserted in-between the SalI and NcoI sites 
from the tfap2e_pCS108 construct.  
 
mRNA synthesis 
mRNA for injection was synthesized using the appropriate SP6 mMessage mMachine 
Transcription Kits from (Life Technologies).  Radioactive labeled UTP was incorporated to the 
reaction to measure concentration of synthesized products. Stocks were kept at -80°C in aliquots 
of 200 ng/µl.  
 
mRNA isolation for cDNA synthesis and RNA sequencing analyses 
Samples were collected in a minimal volume of 300 µl of TRIzol per sample. To completely 
homogenize the tissues we used a 21-gauge needle and 1 ml syringe. Total RNA for was 
extracted following the manufacture’s instructions from TRIzol (Life Technologies).  Whole 
embryos in TRIzol received an initial extra spin at 4 °C was made to eliminate lipids.  For small 
samples the initial spin was omitted, and linearized polyacrylamide was used as RNA carrier.  
The integrity of RNA was assessed by BioAnalyzer (Agilent Technologies, Inc.).  
 
RT-PCR 
Validation by qPCR was performed using SYBR Green supermix (Bio-Rad) according to the 
manufacturer’s instructions. qPCR primers were designed for the gapdh, odc and eef1a as 
reference.  RT-PCR was performed in four biological and two technical replicates.  Primers for 
tfap2e were specific to amplify the copy of X. laevis.  One-way ANOVA was used to calculate 
significance of expression. 
 
β-Galactosidase staining and in situ hybridization 
Embryos were collected at the desired stage.  Fixed in MEMFA (100 mM MOPS (pH 7.4), 2 
mM EGTA, 1 mM MgSO4, 3.7% (v/v) formaldehyde) for 2-4 hours at room temperature, 
washed four times for five minutes in methanol, and left at least 12 hours at -20°C. 
Embryos injected with β-Galactosidase mRNA as tracer, were fixed in MEMFA for 30 minutes, 
washed 5 times for 4 minutes with PTween (1X PBS + 0.1% Tween-20), incubated with Red-Gal 
(Sigma-Aldrich) substrate in buffer (20 mM K3Fe(CN) 6, 20 mM K4Fe(CN)6, 2mM MgCl2  in 
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PTween) for 30 minutes at 37°C.  After detection of a light red color the substrate was removed 
and replaced by PTween and washed for 6 times for 3 minutes in PTween.  Embryos were re-
fixed in MEMFA for 2 additional hours, dehydrated in methanol and stored at -20°C. 
We used Dig-labeled antisense probes for detection of gene expression by in situ hybridization 
following the protocol described in (Harland, 1991).  
 
Immunohistochemistry 
Tadpoles were devitellinized and fixed in 4% PFA for two hours and washed several times in 
PBS to remove PFA, and stored in 100% methanol overnight.  Samples gently rehydrated with 
TBS, blocked with CAS-Block Histochemical Reagent (Life Technologies) for at least 1 hour at 
room temperature. Then incubated overnight with Tor219 (1:10 dilution + 4% DMSO in CAS-
Block).  Washed one time for 5min, and 5 additional times for 30 min each in glass vials with 
TBST.  Incubated for 4 hours at room temperature with goat anti-mouse conjugated to HRP 
secondary antibody (Johns Scientific) or Alexa Fluor 555 (Life Technologies), both at 1:250 
dilution in CAS-Block.  Wash same as for the primary antibody washes.  For HRP detection, 
DAB solution at 0.5 mg/ml in PBT was filtered, and used 0.6 ml per tube.  Leave 10 minutes at 
4°C rotating on the nutator. Then added 0.6 µl of a 1:1 ratio of fresh H2O2 in PBS-Tween and 
monitored every 5 minutes for positive staining.  Embryos were cleared with BB:BA. 
 
Cartilage staining 
Tadpoles were put in glass vials, fixed for 4 hours in PBS with 4% PFA at room temperature.  
PFA was washed 5 times with 5 min washes of PBS. Tadpoles were stained at room temperature 
for 8 hours with a solution containing 0.37% HCl, 70% ethanol, and 0.1% Alcian blue. Several 
long washes with acid/alcohol (0.37% HCl, 70% ethanol) eliminated the excess of stain. 
Tadpoles were rehydrated with 1X SSC solution.  Samples were bleached with 1% H2O2, 5% 
formamide, in 0.5X SSC for 2 hours. Then washed several times with P-tween. Trunk potions of 
the tadpoles were cut with a razor blade, tissues surrounding the cartilage were detached using 
forceps.  Samples were cleared several times with 2.5% K2OH and increasing concentrations of 
glycerol.  Samples were visualized in 75% glycerol. 
 
Glutaraldehyde sections  
After in situ hybridization, tadpoles were equilibrated overnight in gelatin/albumin solution 
(0.5% gelatin type A from Sigma + 30% albumin also from Sigma in 225 ml in PBS) at 4°C 
rocking under the nutator.  The next day the samples were embedded in gelatin/albumin and 
1.25% glutaraldehyde (Sigma, 25% aqueous). 50-µm thick sections were obtained using the 
Pelco 101 vibratome.  
 
Tissue transplants 
Animal cap transplants 
Pigmented embryos were injected animally in both blastomeres with a final concentration of 200 
pg of GR-tfap2e mRNA, 200 pg of h2b-GFP, or with 30 ng of tfap2e and same quantities of 
lineage tracer.  At blastula stage, embryos were place into 1x Steinberg’s media (60 mM NaCl, 
0.67 mM KCl, 0.34 mM Ca(NO3)2, 0.83 mM MgSO4, 10 mM HEPES).  Caps were obtained 
from devitellinized embryos at stage 9.5.  The animal cap of an albino embryos were replaced by 
the animal cap of pigmented embryos that were successfully injected.  Embryos were left to heal 
for 1 hour.  At stage 10.5 half of the transplants were transferred into dishes with 1/3 MR + 
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GENT, while the other half into 1/3 MR + GENT + 10 µM of DEX.  Embryos were incubated at 
12°C.  The next day embryos were visualized under the microscope.  
For each condition we counted the number of grafts that have crossed the host-graft boundary, 
and measured the distance of the 10-furthest cells localized away from the grafted tissue using 
Fiji software.  
 
Neural crest transplantation 
We used 200 pg h2b-GFP and 200 pg β-Galactosidase as lineage tracers.  Controls were injected 
with lineage tracers only.  Experiment embryos were injected with same amount of tracer and 30 
ng of tfap2e MO and 200 pg of GR-tfap2e.  For the controls, neural crest transplants were 
performed at stage 16. To compensate for neural crest specification delay observed in morphants.  
The neural crest of experimental embryos were dissected from injected embryos at stage 17 and 
immediately transplanted into uninjected embryos at stage 15. Transplantations and healing were 
done in 1X MBS buffer and then embryos were transferred in 1/3 MR + GENT.  At stage 18, 
half of the embryos were transferred into 1/3 MR + GENT + DEX.  Incubated embryos 
overnight at room temperature and visualized the neural crest transplants the following day under 
the fluorescence.  
 
Touch response assay 
Embryos were injected in one of two cells as described in the text with 15 or 30 ng of tfap2e MO 
or control morpholino.  Stage 30-32 tadpoles were gently poked with the tip of an eyebrow knife 
on the ventral lateral region underneath the somites of Xenopus laevis.  For each individual 
tadpole we recorded the number of pokes until the tadpoles became responsive with a slight 
twitch.  We waited ~3 seconds before another stimuli. 
 
qPCR primers 
qPCR primers to amplify X. laevis transcripts: 
xl-tlx3 (120)F  TCCCCTCTATACCGGCTGTG 
xl-tlx3 (120)R  TCACTGTGAAAGGCGTCAGG 
xl-sox10 (145)F  GGCTGACCAGTACCCACATTTAC 
xl-sox10 (145)R  ATCTGGGTGGTCCTTCTTATGCT 
xl-sox2 (174)F  TCCCCACACGCCGCCTCGAT 
xl-sox2 (174)R CCTCTGGCCCCTGGACCATACC 
xl-snai2 (197)F  TGTGTCTGTGCTTCCCCAGCC 
xl-snai2 (197)R  TGGGGCTCTCCGAGCCACTAT 
xl-gapdh (177)F TGACCCGCGCTGCCTTTGAT 
xl-gapdh (177)R TAAAGCGGCCGTGGGTGGAG 
xl-tfap2e (167)F GGGGGTCACAGCCTGGCAGA 
xl-tfap2e (167)R AGGGCGGACATCATGCTGCTAT 
 
Primers for generating probes against tfap2 genes 
The cDNA obtained for cloning transcripts into expression vectors was synthetized by MLV-RT 
enzyme from Promega.  The tfap2 genes were cloned into the dual promoter (SP6/T7) Topo-II 
Cloning Kit (Life Technologies) using the following primer sequences:  
xl-tfap2b (1335)F:  CCCTCCGCACAGATGTTAGT 
xl-tfap2b (1335)R:  TCATTTTCGGTGTTTTTCATCCT 
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xl-tfap2e (1320)F:  TGCCCTCATGCTGGTACAC, 
xl-tfap2e (1320)R:  ACTAGTGGCTATTTCCGATGCT 
xl-tfap2c (1355)F:  TTGGACTCAGGACAGGATGC 
xl-tfap2c (1355)R: AACCAAGTTCTCATTTTCTATGCTT 
xl-tfap2d (1351)F:  TGTCAACTTCATTCCCAGGAC 
xl-tfap2d (1351)R:  GCCTTTTCTGTTTTGGCGTCT 
 
 
Computational analyses 
 
Identification of neural crest expressed genes  
The neural crest (NC) and the anterior neural fold (ANF) were dissected out from a Xenopus 
laevis embryo at stage 16.  In addition to the dissected tissue we collected the rest of the embryo 
and assessed the quality of the dissections by semi quantitative PCR.  RNA-seq libraries were 
mapped against the Xenopus tropicalis transcriptome 
(ftp://ftp.xenbase.org/pub/Genomics/Sequences/NCBI/xtropMRNA.fasta) using the best hit of 
BlastN searches with a cutoff e-value 1e-5.  The counts of reads mapped to each mRNA were 
normalized the total number of blasted hits.  We explored the expression pattern of genes without 
co-citations in Xenbase or that were not characterized in Xenopus. 
 
Identification of Tfap2e downstream targets   
RNA-seq reads were mapped against the X. laevis transcriptome v.1.6 and the total number of 
reads per transcript were obtained using eXpress package (Roberts and Pachter, 2013).  
Differentially expressed transcripts were identified with EdgeR (Robinson et al., 2010) using a 
false discovery rate below 0.005.  Differentially expressed genes from the pairwise comparison 
between the tfap2e morphants and control embryos were used to analyze the profile across 
different conditions. To identify the genes with positive or negative association with Tfap2e 
activity we used the raw number of mapped reads per transcripts to obtain the mean and standard 
deviation of transcripts per million mapped reads per condition.  For each gene we obtained a 
pairwise Pearson’s correlation coefficient using the mean expression values under each 
condition.  A hierarchical clustering heatmap was build by using the coefficient values with a 
statistical significance below 0.05. 
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Figure 2.1  Identification of tfap2e as a neural crest specific gene  
(Figure legend on next page) 
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Identification of tfap2e as a neural crest specific gene 
A.  The transcriptomes of the anterior neural fold (ANF), cranial neural crest (NC), and the 
remaining parts the whole embryo (WE) from a X. laevis embryo (St. 16).  Each dot in the 
scatterplot represents a single transcript.  On the y-axis is the log ratio of the normalized read 
counts in the neural crest versus the anterior neural fold (ANF), and the x-axis is the log ratio of 
neural crest versus the rest of the embryo (WE).  Neural crest and neural border genes (purple) 
are enriched in the top right quadrant.  In the bottom left quadrant the ventrally expressed genes 
found are ventx (yellow), epidermal keratin (krt18), and bmp (blue).  Neural genes (blue) are 
equally abundant in neural crest and anterior neural fold samples, but slightly enriched in the 
neural crest dissection when compared to the whole embryo.  The housekeeping control gene 
eef1a is found at the center.  B.  Expression levels of tfap2 genes from the three sequenced 
samples. tfap2a and tfap2c levels were almost equally abundantly in all three samples. tfap2b, 
tfap2e and tfap2d are specific to the neural crest sample, but only very few reads were detected 
for tfap2d.  Expression levels represented as number of reads per million of mapped (RPM) in a 
log 2 scale.  C.  Relative abundance of tfap2 genes in the three sequenced tissues NC, ANF, and 
WE.  
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Figure 2.2 Expression patterns of tfap2b, tfap2c, tfap2d, tfap2e, and tlx3 at Xenopus neurula 
stages 
Similar to tfap2a (Luo et al., 2002) (not shown), tfap2c is expressed throughout the ectoderm At 
gastrulation (St. 10), in the neural crest and epidermis at mid neurula (St. 13-17), and in the 
epidermis and (less obviously) in the neural crest at mid neurula.  The expression of tfap2b and 
tfap2e in the neural crest is first detected in the early neurula.  At late neurula stages, tfap2b is 
also expressed in the intermediate mesoderm that will form the pronephros. tfap2d is barely and 
broadly detected in the anterior neural tube.  The Rohon-Beard neuron specifier tlx3 is detected 
only after the expression of all tfap2 genes. 
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Figure 2.3 tfap2e expression in Xenopus tropicalis is exclusive to the cranial, vagal, and trunk 
neural crest 
Dorsal (A, B) and lateral (C-G) views of tfap2e expression in Xenopus tropicalis embryos.  A. 
tfap2e is detected in the early specified neural crest.  B.  At mid neurulation tfap2e expression is 
restricted to the cranial (cnc), vagal (vnc) and trunk neural crest (tnc).  C.  At the end of 
neurogenesis, tfap2e is found in the trunk neural crest and the mandibular, hyoid, and brachial 
migratory streams of the cranial neural crest.  D.  At stage 24, the expression of tfap2e is 
detectable only in the most posterior cranial neural crest stream and in the trunk neural crest.  E-
F.  Cross-sections of E, F and G were done at the approximate position indicated by the lines.  In 
older tadpoles, tfap2e is specifically expressed in the olfactory epithelium (oe) (E, E’, F), 
forebrain (fb), midbrain (mb), hindbrain (hb), and pharyngeal arch (pa) (E’’,F’’, G’’).  
Expression in the eye appears first in the nervous layer of the retina (nr) (E’’, F’’, G’’) and later 
in the cornea (cr) (E’’’, G’’’).  After stage 30, tfap2e-expressing cells appear to migrate towards 
the intermediate tubule (it), distal tubule (dt) (insets on E, F, G) and pronephric duct (pd) or 
enteric neurons (en) (F’’’).  Few cells are found in the dorsal fin (df) or in between the epidermis 
and somites (s) (F’’’). 
St. 32
St. 35
St. 40
St. 22St. 17St. 13
A B C D
E
F
G
E’
F’
G’
E’’
F’’
G’’
E’’’
F’’’
G’’’
E’’’’
F’’’
G’’’’
m
h
b
oe
fb
hbmb
oe
fb fb
nr
tnc
it pd
tncs
nr
fb mb
tncnr
pa
cr
tnc
tnc
cnc
it
pd
pt
it
df
vnc
St. 24
b
cnc
vnc
hm
ob
fb pdac
ac
ac
it
dt
en
en
	  30	  
 
 
 
 
 
Figure 2.4 Splice blocking morpholinos designed against tfap2e from Xenopus laevis and 
Xenopus tropicalis 
A. Two splice blocking morpholinos were designed to knockdown Tfap2e function. Targeted 
sites are shown in red.  The first morpholino targets exon1 and intron1 (tfap2e MO1) and the 
second binds to boundary of intron3 and exon4 (tfap2e MO2).  The primer pair used to test 
intron retention is indicated as primer pair 1 (PP1).  B.  In red are the sequences recognized by 
the morpholino. tfap2e MO1 is designed to target both copies of tfap2e from X. laevis and the 
single copy from X. tropicalis, and tfap2e MO2 can only target tfap2e from X. tropicalis.  C.  
Proper splicing gives PCR products of 257 base pairs.  Injection of tfap2e MO1 in X. laevis leads 
to the retention of the additional 393 base pairs from the first intron, which leads to a truncated 
version of Tfap2e protein (not shown).  Rescue of tfap2e knockdown was achieved by induction 
of GR-tfap2e and overexpression of tfap2e mRNA (both originated from X. tropicalis tfap2e 
coding sequence). 
 
 
 
X. tropicalis gacgttgcacac(ATG)TTGGTACACGCGTACTCTGCCATGGtaagtgctggggtggatggcag...
gactctgccc tc(ATG)CTGGTACACGCGTACTCTGCCATGGtaagtgctggggtggatgtcagt...
X. laevis (b) gactgtgccc tc(ATG)CTGGTACACGCGTACTCTGCCATGGtaagtgctggggtggtgggtgg...
exon 1 intron 1 (393bp)
retained intron 
(650 bp)
proper splicing 
(257 bp)
25.16 kb
393 bp
tfap2e MO1 (e1i1)
tfap2e MO1
tfap2e MO2
 ...tgtccatcttctttgtccacactagTTCCCATTCCATCAAAGAACAACGG....
intron 3 (13,617 bp) exon 4 
tfap2e MO2 (i3e4)
PP1
A
B
C
Xl-
tfap2e
ef1a
GRtfap2e xt-
tfap2e
tfap2e MO1
UC
Xenopus laevis (St. 17) - Primer pair 1 (PP1)
 - DEX  + DEX
X. laevis (a)
X. tropicalis
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Figure 2.5 Gross phenotypic effects caused by the loss of tfap2e function.  
A.  At Stage 40, normal tadpoles show cranial cartilage, dorsal and ventral fin and pigment cells. 
Tadpoles injected bilaterally at the 2-cell stage with tfap2e morpholino MO1 (60 ng total) are 
shorter in size and exhibit a considerable decrease in melanocyte density. This phenotype was 
rescued by injection of tfap2e mRNA (100 pg) immediately after morpholino injection (bottom 
right). Tadpoles that were rescued or overexpressed tfap2e (bottom left) exhibited ectopic 
localization of melanocytes (arrowheads) and showed relatively normal fins (arrows).  B.  Older 
tadpoles exhibit severe craniofacial defects and drastically altered fins. 
 
 
 
  
 tfap2e mRNA tfap2e MO1 + tfap2e mRNA
tfap2e MO1UC (St. 40)
tfap2e MO1UC (St. 43)
A
B
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Figure 2.6 Tfap2e promotes neural crest specification 
A.  Unilateral injection of tfap2e MO (red arrowhead) in X. laevis reduces the expression domain 
of snai2 at mid neurula.  At stage 18, the neural crest is marked by twist and snai2, but fails to 
form the cranial neural crest streams.  B.  X. laevis embryos injected bilaterally at the two-cell 
stage with tfap2e MO1 (red arrowheads), were rescued after injecting in one of its sides tfap2e 
mRNA along with β-Galactosidase lineage tracer (red staining, and green arrowhead).  C.  
Ventral view of cranial cartilage staining of X. laevis tadpoles (St. 43) injected on the right side 
with either control morpholino (black arrowhead) or tfap2e MO1 (red arrowhead).  D.  Cranial 
neural crest is also halted in the neural tube in X. tropicalis tfap2e morphant tadpoles (red 
arrowhead).  Dorsal and lateral views of X. tropicalis tadpoles showing expression of sox10.  
Uninjected control on the top morphant in the bottom. Tadpoles were injected with low doses of 
tfap2e MO1 (3.5 ng), tfap2e MO2 (3.5 ng).  E.  Relative expression levels, as assayed by qPCR, 
of tfap2e and sox10 in whole embryos (St. 16) which were bilaterally injected at the two-cell 
stage with tfap2e MO, inducible GR-tfap2e, or tfap2e mRNA.  Compared to the uninjected 
controls (gray), a significant reduction of tfap2e and sox10 was observed in tfap2e morphants 
(red).  Expression of both genes was rescued after treatment with DEX at stage 11 to induce GR-
tfap2e (orange).  Overexpression of tfap2e mRNA also caused an increase on the expression of 
these two markers.  No differences were detected in controls incubated with or without DEX. * = 
p-pval<0.05, ** = p-val<0.005, ANOVA. 
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Figure 2.7 tfap2e is required for delamination and migration of neural crest cells 
A.  Anterior views of X. tropicalis embryos probed against sox10.  Embryos on the right were 
injected unilaterally (red arrowhead) with tfap2e MO1 or MO2 and β-Galactosidase lineage 
tracer.  The sox10-positive neural crest cells do not migrate towards the dorsal midline in the 
morphant side.  B.  A closer view of the vagal neural crest region of normal and tfap2e morphant 
embryos.  C.  An equal proportion of sox10-cells are normally observed between the left and 
right sides.  The sides injected with tfap2e MO1 or tfap2e MO2 (15 ng) showed a reduction of 
75% on the total number of  sox10-cells.  D.  Diagram of X. laevis neural crest transplantation 
experiment shown in (E).  Briefly, the neural crest of an injected embryo (St. 17) was 
transplanted into an uninjected host (St. 15).  Half of the embryos were induced with DEX at 
stage 18.  The transplants were visualized at stage 25.  E.  Migrating cranial neural crest 
transplant from controls (i), morphants (ii), and rescued embryos (iii).  Loss of tfap2e resulted in 
halted cranial neural crest cells in the dorsal neural tube.  The lack of migration observed in the 
morphant was rescued by induction of GR-tfap2e after stage 17 (right panel). 
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Figure 2.8 Tfap2e activity is sufficient to induce crest migration 
A.  Animal caps from pigmented embryos injected with GR-tfap2e and h2b-GFP transplanted 
into an albino at blastula stage.  At stage 12, half of the embryos were induced with DEX.  
Embryos were visualized at stage 23.  The border of the transplant is delimited by yellow dotted 
lines.  B.  In another similar experiment, the transplanted grafts of embryos injected with tfap2e 
MO or with GR-tfap2e were visualized at stage 17.  The number of host embryos whose grafted 
tissue trespassed the transplant boundary is represented on the y-axis.  C.  Distribution of the 
distances of the 10 cells found the furthest away from the transplanted ectodermal tissue. * p-
val<0.1, **** p-val<0.005 obtained from the two-sample Kolmogorov-Smirnov test. 
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Figure 2.9 Diagram describing the process of identification of genes that positively or negatively 
associate with Tfap2e activity 
Embryos were injected in both blastomeres at the two cell stage with tfap2e MO, GR-tfap2e 
mRNA, tfap2e mRNA, tfap2e MO + tfap2e mRNA, or tfap2e MO + GR-tfap2e.  At stage 11, 
uninjected embryos and those injected with GR-tfap2e were induced with DEX.  All embryos 
were collected at stage 16 and processed as described.  Differentially expressed transcripts were 
identified using EdgeR (selecting only those with p-values <0.01).  We identified 76 genes 
whose expression correlated either positively or negatively to Tfap2e activity in two different 
comparisons: control vs morphant, and tfap2e knockdowns vs rescue. 
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Figure 2.10 Heatmap of the hierarchical clustering based on the correlation coefficient obtained 
from the expression levels under nine different conditions 
Strong Pearson’s correlation coefficients (p-val < 0.05) were obtained using the average 
expression values of all eight different conditions (Figure 2.10). 
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Figure 2.11 Gene expression comparison for genes that associate with Tfap2e activity  
The bar graphs represent the mean and standard deviation of the normalized number of reads per 
million mapped (RPM).  In gray, the uninjected controls incubated with or without DEX, and 
embryos injected with GR-tfap2e in no DEX.  In red, the tfap2e morphants including those 
injected with GR-tfap2e.  In orange are the knockdown embryos that were rescued with GR-
tfap2e and DEX.  In green are tfap2e overexpression and GR-tfap2e induction conditions.  All 
graphs are normalized to the expression value of the uninjected control.  A.  Expression of some 
of the genes that may be positively regulated by Tfap2e activity.  B.  Genes with negative 
association with Tfap2e activity.  C.  Complete list of transcripts associated with Tfap2e activity 
with positively correlated genes in green and negatively correlated genes in red.  D.  Examples of 
housekeeping genes showing no correlation with Tfap2e activity. 
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Figure 2.12 Loss of tfap2e function inhibits neural differentiation and prevents specification of 
the Rohon-Beard sensory neurons 
A.  Expression of n-tubulin (ntub/tubb2b) and tlx3 expression at the neurula stage of Xenopus 
laevis.  At the top, tfap2e morpholino injected (red arrowhead) in one side leads to reduced 
expression of neural differentiation (ntub) and specification of Rohon-Beard sensory neurons 
(tlx3) on the injected side.  Induction of GR-tfap2e activity with DEX at stage 13 leads to 
expanded expression of these markers in the neural tube, as indicated by the arrows on the side 
where GR-tfap2e was injected.  On the bottom, embryos injected bilaterally with tfap2e MO and 
unilaterally with GR-tfap2e, but not treated with DEX, are unable to express ntub or tlx3.  B.  
Expression of ntub, tlx3 and sox2 quantified by RT-PCR.  Significance values are only shown in 
comparisons of uninjected control vs knockdown, un-induced knockdown vs rescue, and injected 
control vs overexpression. 
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Figure 2.13 Tor219 marks Rohon-Beard touch sensory neurons 
Tor219 primary antibody (1:5 dilution) used to detect cell bodies and axons from X. laevis 
tadpoles (St. 23).  HRP secondary antibody and DAB substrate were used for staining. 
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Figure 2.14 Induction of Tfap2e leads to ectopic localization of the touch-sensing Rohon Beard 
neurons, and loss of tfap2e function prevents tadpoles from responding to light touch 
A.  The Rohon-Beard neurons of X. laevis tadpoles at stage 33 were detected by 
immunofluorescence using Tor219 primary antibody.  Arrowheads point to the ectopically 
localized sensory neurons caused by induction of GR-tfap2e with DEX.  B.  Distribution of the 
number of light pokes received by each tadpole before the tadpole responded with a twitch.  
Stage 31 tadpoles were subjected to light touch stimuli by gently poking them with an eyebrow 
knife on their lateral side underneath the somites, as highlighted by the purple region on the 
embryo illustration. 
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Figure 2.15 Touch response is sensitive to the dose of tfap2e MO and can be rescued by tfap2e 
mRNA 
A.  X. laevis embryos injected in both cells at the two-cell stage with a total of 15 or 30 ng of 
tfap2e MO1 or control morpholino.  B.  Rescue of tfap2e knockdown is achieved after 
consecutive injections of tfap2e MO1 and tfap2e mRNA. 
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Figure 2.16 Loss of tfap2e leads to anterior expansion of ventx2.1 in the dorsal neuroectoderm 
coincides with failure to specify the trunk neural crest 
A.  GR-tfap2e injected into one of two cells  induced at stage 12 (green arrowhead) leads to 
expanded expression of neural crest specifiers and neural differentiation markers.  B. tfap2e 
knockdown in one of two cells (red arrowhead) delays and inhibits migration of trunk and cranial 
neural crest cells.  Loss of tfap2e also leads to an anterior expansion in the expression of 
ventx2.1. 
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Table 2.1 Top 100 genes enriched in the neural crest sample 
Normalized and rounded number of read counts obtained for genes expressed in the neural crest 
(NC), anterior neural fold (ANF), and the rest of the whole embryo (WE).  For each gene, their 
corresponding identification number in Xenbase database is located after the underscore. 
 
 
 
Gene name NC WE ANF Gene name NC WE ANF
dnajc28_975323 12399 1216 1376 c3orf54_491474 148 37 38
znf347_6039617 7727 779 846 slc23a2_966413 147 37 63
unnamed_5837481 3711 407 312 st5_1217426 144 38 61
unnamed_5723541 2981 193 291 ephb1_488625 140 41 53
pibf1_949065 2473 208 293 celf3_5796617 134 24 40
slc41a2_955987 1244 255 135 mab21l2_983447 134 2 31
vim_493023 733 197 224 znf219_1001694 131 28 61
sox9_1034768 727 38 29 ap3b2_1013376 126 34 44
foxd3_487288 661 38 3 nr2f1_480017 124 4 21
ppp1r14a_489486 656 134 110 ptpru_922687 121 34 31
meis3_485336 602 254 284 nrp1_480687 120 50 18
cyp26c1_1219114 533 19 105 dock7_998177 120 54 60
sox8_480864 510 108 57 efs_490350 118 36 57
snai2_487370 466 63 9 zic4_1033014 117 16 27
kiaa0182_5880739 426 204 184 bnip3_971174 114 39 48
nr2f2_482565 417 26 126 tmem221_6538800 113 18 56
cxcr4_489916 398 105 189 nova2_489036 113 29 18
cdh2_951658 392 123 146 pdgfra_6072919 113 44 21
twist1_479801 366 30 41 mycn_478858 108 8 29
pax3_482739 350 62 54 lmx1b.1_494749 104 10 20
tubb2b_491120 346 93 163 cfp_5941220 103 17 42
mafb_6085858 341 42 42 tfap2b_485025 99 14 4
gli3_484854 323 123 158 ebf2_971135 98 26 31
zic3_480430 317 61 61 meis2_487674 95 32 31
mmp14_485642 278 106 60 fst_486295 94 36 11
sox10_480303 272 3 0 sox1_1018268 94 7 33
vgll3_5865238 269 4 2 cecr2_6461177 90 40 35
boc_923397 228 57 54 afap1l1_490386 88 32 25
sox15_6458181 225 84 106 tfap2e_876802 87 16 1
mn1.2_855610 215 41 107 olig4_484735 87 43 4
sp5_1217605 213 63 49 prph_493856 86 36 26
pou3f1_853353 209 20 25 znf423_490168 77 23 34
irx3_480485 206 37 43 pcdh8_484516 76 12 13
dpysl2_1010782 204 77 83 rfx4_1018508 76 18 10
rpe65_968699 200 90 91 ror1_490891 75 6 37
pcdh19_1113171 198 54 80 manea_5814475 74 11 27
odz4_1013971 198 44 55 foxd2_479817 73 20 28
dpysl3_944728 192 27 56 pax2_486800 69 10 13
bmpr1b_483454 190 15 47 lrrc4b_5945981 69 8 20
zic5_480774 185 14 88 emilin2_978930 69 13 14
zfhx4_957672 183 10 35 loc388210_6038542 67 12 2
egr2_853289 182 4 2 barhl2_482776 67 0 6
pcdh18_486208 181 67 60 tfap2b.2_5995967 67 8 4
zc4h2_941216 177 38 55 tgfbi_5751246 67 24 28
elavl3_490863 175 65 28 azi1_1016767 66 32 27
foxp4_982691 164 23 66 col4a5_6041868 59 26 4
scube2_5945054 161 42 61 fgd4_493421 56 26 20
p2ry4_943445 158 58 65 sspo_6045236 56 3 21
unnamed_5726464 156 45 52 kiaa0802_6047695 55 10 22
zic1_481981 148 19 37 hoxa2_488086 54 26 7
Genes enriched in the neural crest
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Table 2.2 Top 100 genes enriched in the anterior neural fold sample 
Normalized and rounded number of read counts obtained for genes expressed in the neural crest 
(NC), anterior neural fold (ANF), and the rest of the whole embryo (WE).  For each gene, their 
corresponding identification number in Xenbase database is located after the underscore. 
 
  
Genes enriched in the anterior neural fold
Gene name NC WE ANF Gene name NC WE ANF
gjb1_481037 69 2332 2125 kiaa1324_6257879 9 82 99
xk81a1_6539689 175 2425 1841 ablim1_6458932 8 48 99
ag1_5866012 21 46 1716 gfi1_960552 0 4 98
agr2_971547 1 10 1001 loc422310_1219091 7 90 96
gata2_478164 53 778 969 nkx3-1_479026 2 1 95
mpo_482501 0 2 882 creb3l1_489942 2 11 91
krt19_490359 67 540 801 hk2_5817380 8 101 90
slc5a8_479633 50 247 677 hesx1_483192 7 0 88
gnb3_956712 43 365 667 frzb_481352 3 20 87
fzd8_480799 47 21 590 dlx2_852890 6 31 85
vill_945606 32 255 454 lass2_852702 7 89 82
fam115c_5953624 21 189 451 unnamed_1000673 4 42 81
gjb2_955797 12 120 421 rassf7_956639 7 21 78
cebpa_853396 1 16 400 nkx2-3_852995 2 2 77
pitx1_485440 2 2 379 bmp2_481828 5 17 74
slc22a4_5858685 23 387 343 vwa5a_5898459 5 34 68
sox17a_484294 11 335 312 fer1l4_940775 5 79 68
gata3_485929 23 122 300 xepsin_6492474 5 19 63
grhl1_486575 26 257 286 tbc1d24.2_5957472 1 51 63
osbpl2_855644 26 239 284 cda_6458835 1 1 60
stard10_5824670 22 184 275 usp43_940624 3 13 56
anxa2_945314 18 157 272 myo5c_1004094 4 41 54
klf5_490586 11 104 264 plxnb3_856491 2 9 53
bmp7.1_486013 5 112 264 gpr160_980182 1 17 51
spib_479614 1 0 255 foxi1_494124 2 77 50
unnamed_5792392 19 109 255 gata4_487457 1 66 49
znf750_5775683 19 181 253 ca7_1017205 2 52 49
tf_480505 1 63 248 ugt1a1_998848 4 74 48
bambi_495358 16 139 247 capn13_6045505 4 51 48
grhl3_919796 17 211 246 creb3l4_5761388 1 10 47
dlx3_5879292 20 141 238 rbm47_976706 3 33 46
szl_482076 0 86 200 atp8b1_490142 4 30 46
bmp4_483057 17 158 195 unnamed_5797858 1 1 44
rab3d_490390 12 103 194 epx_6039945 0 42
capn2_993757 13 54 178 sel1l3_5891025 0 41
runx1_483163 1 6 158 darmin_481838 0 305 41
ern2_4594133 13 10 157 zbtb7b_5727010 3 27 41
nkx2-5_487965 0 2 151 pla2g15_952902 1 74 41
gata6_485062 10 259 136 asb9_947921 1 5 41
fam55d_5757873 9 108 131 sox7_488066 3 36 40
c17orf28_5807372 11 98 125 sox17b.2_495334 1 103 39
galnt6_983701 6 77 113 fam3d_943562 2 23 38
cebpd_853587 8 17 111 rab27a_490562 3 31 38
irg1_919724 8 136 110 alas2_487572 0 0 38
slc6a14.2_855703 9 53 108 lypd2_997401 3 67 37
frzb2_876717 7 0 105 gnaz_980744 1 15 36
lgals4_5891874 1 8 105 fut6_6037627 3 39 36
ezr_484765 1 15 105 fli1_5794047 0 0 36
ppp1r1a_489185 3 72 102 tal1_479826 2 2 35
slc12a3.2_479311 1 199 100 tmem79_6461061 2 106 35
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Table 2.3 List of IMAGE clones selected from the transcriptome-sequencing screen to identify 
neural crest specific genes 
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Chapter 3  
 
Gene expression analysis of the differentiating ectoderm 
 
 
 
Summary 
 
Vertebrate development is a highly complex process that is accompanied by dynamic gene 
expression changes over time and space. Tight regulation of gene expression depends on 
extrinsic factors, for example, signaling cues and morphogenetic movements triggered by 
neighboring cells; and intrinsic factors, such as transcriptional regulators, chromatin marks, and 
non-coding RNAs.  
 
To understand the spatial and temporal dynamics of gene expression that occurs during 
neurulation in the whole embryo and in specific ectodermal territories, the Monsoro-Burq lab at 
the Curie Institute and the Eisen and Harland labs at Berkeley joined efforts to manually dissect 
and analyze the transcriptome of hundreds of ectodermal tissue pieces along the dorsal-ventral 
and anterior-posterior axes.  We collected whole embryos from several neurula stages, as well as 
the anterior and posterior portions of tissues committed to adopt epidermal, neural crest, and 
neural plate fates.  The three time points selected for the analyses were based on the times of 
neural crest induction (St. 12-12.5), neural crest specification (St. 14), and neural crest 
differentiation (St. 17).  The analysis let us identify groups of genes with spatially restricted 
expression to specific tissues.  
 
In addition to the time-course and transcriptional cartography of the ectoderm, we investigated 
the effects of the loss of tfap2e function in the neural crest at mid (St. 14) and late (St. 17) 
neurulation.  We compared our previously obtained results from the transcriptome analyses of 
whole embryos under gain, loss and rescue of Tfap2e activity (described in Chapter 2).  We 
conclude that loss of tfap2e leads to delay in specification and to a fate that is similar to the 
anterior neural border.  Finally, we performed a ChIP-seq experiment to identify potential 
regulatory regions subject to the control of Tfap2 transcription factors. 
 
 
 
Introduction 
 
Embryonic development is a fast process that involves large changes of gene expression, 
morphological movements, cell shape, forces coming from tissue tension, cell adhesion, among 
others. These changes occur all at the same time and they all contribute to the differentiation 
process (Mammoto and Ingber, 2010).  For the past 50 years, Xenopus has served as an excellent 
	  47	  
model to study vertebrate embryonic development.  Among of the advantages of using Xenopus 
over other vertebrate organisms is that in a single fertilization it is possible to obtain hundreds of 
synchronized developing embryos, of a large size.  Because the embryos are large (~1 mm in 
diameter), it is relatively easy to manually dissect and manipulate ectodermal tissues during 
development (Wheeler and Brändli, 2009). These advantages have allowed the description of 
cellular and morphogenetic movements that occur in the developing Xenopus embryo (Shih and 
Keller, 1992a; Elul et al., 1997; Rowning et al., 1997; Davidson and Keller, 1999).  In addition, 
the use of gene manipulation techniques has aided in the identification of the molecular and 
genetic determinants involved in the specification of the germ layers: endoderm, mesoderm, and 
ectoderm (Heasman et al., 1986; Chang and Hemmati-Brivanlou, 1998).   
 
In the ectoderm, inputs from the FGF, BMP, Wnt, Notch, Retinoic Acid, and TGFβ signaling 
pathways have been shown to alter the activity of transcriptional regulators that can activate or 
repress gene expression (Chang and Hemmati-Brivanlou, 1998).  Many of these genes mediate 
similar developmental functions and present comparable expression patterns as those vertebrates.  
In humans, alterations in signaling pathways or mutations that affect the proper function of key 
regulators of ectodermal development can have serious implications on the health of newborns. 
Two common examples are spina bifida, which has a prevalence of ~1 in every 2,500 births, or 
neurocristopathies that are slightly more common, for example ~1 out of 1000 newborns have 
cleft/lip palate (Parker et al., 2010). These neonatal disorders are caused by defects in neural tube 
closure (Northrup and Volcik, 2000) and neural crest formation (Etchevers et al., 2006). 
Therefore, to fully understand human embryonic development and the causes of phenotypic 
outcomes, it is critical to understand the contribution of each gene in the regulatory networks, as 
well as to distinguish the similarities and differences in the regulation of ectodermal 
development of different vertebrates species that contribute to the difference in phenotypes.  
 
The specification and differentiation of the ectoderm has been studied for decades in Xenopus 
(Chapter 1).  The concentration, combination, and timing of signals presented to the ectoderm 
dictate the fate of the undifferentiated ectoderm: epidermal, placodal, neural crest, or neural.  
BMP signaling promotes ventral fates (Piccolo et al., 1996), favoring the specification of the 
epidermal ectoderm (Wilson and Hemmati-Brivanlou, 1995).  Intermediate levels of BMP favor 
the neural plate border to adopt either placodal or neural crest fates (Jacobson, 1963; Morgan and 
Sargent, 1997; LaBonne and Bronner-Fraser, 1998; Marchant et al., 1998; Nguyen et al., 1998; 
Sasai et al., 2001; Luo et al., 2003).  Complete inhibition of BMP signaling is required for the 
ectoderm to adopt a neural fate and some placodal fates (Schlosser, 2006).  However, BMP is not 
the only signal responsible for determining ectodermal fates, there are other signals such as Wnt, 
FGF, and Retinoic Acid that act at the same time to contribute to the differentiation of this 
tissues.  For example, the anterior neural plate and anterior neural fold require Wnt inhibition in 
order to induce the forebrain and the sensory placodes (Groves and LaBonne, 2014).  In contrast, 
the neural border and the posterior neural plate require FGF, Wnt and Retinoic Acid signaling to 
differentiate into neural crest, hindbrain, and spinal cord (Villanueva et al., 2002; Monsoro-Burq 
et al., 2003).  
 
It is difficult to completely understand the hierarchy of regulation, as multiple intrinsic and 
extrinsic variables likely to influence cell fate (e.g., position along axes, type of input signals, 
concentration of the signals, time of exposure, the commitment state of the tissue, transcriptional 
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regulators present, etc.).  Fortunately, thanks to the collaborative efforts of multiple laboratories 
to create gene regulatory networks (GRN) have been constructed.  The neural crest GRN 
(Meulemans and Bronner-Fraser, 2004; Sauka-Spengler and Bronner-Fraser, 2008; Betancur et 
al., 2010; Pegoraro and Monsoro-Burq, 2013) is based on the gain and loss of function, and 
epistasis experiments in different vertebrate organisms. To contribute to the effort of 
understanding the temporal and spatial dynamics of gene expression in the differentiating 
ectoderm, I have collaborated with the group of Anne-Helene Monsoro-Burq, at the Curie 
Institute (Orsay, France), in particular with Jean-Louis Plouhinec, to analyze the mRNA 
expression profile of anterior and posterior portions of the neural plate, neural border and lateral 
ectoderm during neurulation (Figure 3.1).  
 
We utilized high throughput sequencing on manual ectodermal dissections and expression stage 
series from whole embryos to determine the spatial and temporal dynamics of mRNA expression 
during Xenopus neurulation. To provide a backdrop of information to support the analysis of 
ectodermal dissected tissues, we analyzed the expression of mRNA in whole embryos at precise 
developmental time points during neurulation (stage 11 through 18).  The neurula time series 
permitted not only to observe the decays of the expression levels of pluripotency genes as the 
embryo differentiates, but also that this trend coincides with the emergence of neural, epidermal, 
placodal and neural crest gene expression.  The data obtained from the different ectodermal 
regions was used to identify groups of co-expressed transcripts, which help generate virtual in 
situ expression patterns of Xenopus embryos at stage 12 and 14.  We hope that the data generated 
by us can be used as resource for gene expression pattern prediction, and at the same time serve 
as reference for other transcriptome experiments that involve ectodermal tissue dissections.  For 
example, it could be used to compare and evaluate the local effects of gene gain- or loss- of 
function without introducing noise from expression changes indirectly derived from other 
tissues. 
 
We took advantage of the data generated from the ectodermal dissections to evaluate how does 
the tfap2e knockdown alters the fate of the neural plate border.  Consistent with our experimental 
observations from Chapter 2, the genes involved in the specification of the non-neural ectoderm 
and anterior placodes resulted elevated in the tfap2e morphant neural border.  Suggesting that 
loss of Tfap2e delays neural crest development and leads to the adoption of placodal fates. 
 
It is important to mention that all the sample collections, RNA purification, and qPCR 
validations were performed in collaboration with the Monsoro-Burq lab at the Curie Institute in 
Orsay, France.  The sequencing unit at the Curie Institute prepared the sequencing libraries and 
Jean-Louis Plouhinec mapped the reads, obtained the read counts for all sequenced libraries, and 
annotated novel transcripts.  I actively participated in the embryo microinjections, manual tissue 
dissections, mRNA extraction, assessment of RNA quality, and the downstream analysis after 
obtains the read counts. 
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Results 
 
 
Dissection and collection of ectodermal tissues at three time points of Xenopus neurula 
 
To describe the dynamics of global expression that occurs during neurulation we collected three 
whole Xenopus laevis embryos for each of the following developmental stages: St. 11, 12, 12.5, 
14, 15, 17, and 18 (Figure 3.1A).  We also collected manually dissected ectoderm from three 
developmental time points during neurulation (Figure 3.1B).  We first collected ectodermal 
tissues at stage 12.5, corresponding to the transition between the end of gastrulation and the 
beginning of neurulation.  At this stage, we dissected the anterior neural fold, which corresponds 
to the pre-placodal region, and the anterior and posterior portions from the neural border, 
epidermis, and neural plate.  Because these tissues were exposed to signals originating from the 
underlying and neighboring tissues during gastrulation, they already express specific 
differentiation markers at stage 12.5.  We then collected samples at stage 14, when the neural 
crest specification and neural differentiation has initiated.  A final collection was done for the 
neural border and neural crest at the end of neurulation (St. 17). 
Prior to conducting these dissections, we had studied the pattern of expression of known markers 
for the different regions.  On dissection practices we validated the expression pattern of markers 
of the neural plate border (pax3), neural crest (snai2, sox10), neural plate (sox2), and epidermis 
(krt18).  RNA-in situ hybridization and RT-PCR served to determine the extent of tissue 
contamination during the dissection.  Once we were confident that we reliably obtained clean 
dissections, we proceeded to collect the RNA from new sets of embryos from stage 12.5, 14 and 
17, and we also including dissection of neural borders from tfap2e morphants at stages 14 and 
17.  
 
Global analysis of gene expression of Xenopus neurula time series 
 
To comprehend the dynamics of the decline of stem cell-ness and emergence of new cell fates of 
the ectoderm during neurulation, we compared the expression of genes associated with stem cell, 
inducting signals, and with placodal, pan-neural, neural border, and neural crest fates.  In the 
following time series expression plots, the y-axis corresponds to the reads per million (RPM), 
which corresponds to the number of mapped RNA-seq read counts normalized against the total 
number of million mapped reads.  For simplicity, we did not normalize for the length of the 
transcript in these experiments. 
 
First we looked at the total expression values for the pou5/pouV (pou5f3.1/oct91, pou5f3.2/oct25, 
and pou5f3.3/oct60) pluripotent factors. This class of transcription factors, related to mammalian 
oct4, are required for uncommitted cells to maintain pluripotency by preventing the cells to 
respond to inducing signals (Cao et al., 2004; Morrison and Brickman, 2006; Scerbo et al., 
2012). Therefore, as expected, their expression levels suffer a steep decline as cells differentiate 
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during neurulation (Figure 3.2A).  Other multipotency related genes, sox3 (Archer et al., 2011) 
and ventx2.1 (Onichtchouk et al., 1996; Scerbo et al., 2012), after stage 11 show a more steady 
decline of expression (Figure 3.2B).  
 
The global expression levels of critical inducer signaling molecules fgf8a (Monsoro-Burq et al., 
2003), bmp4 (Piccolo et al., 1996), wnt8a (Mayor et al., 1995) slowly decrease as neurulation 
proceeds but for the most part they remain constant.  Other genes such as delta and notch, 
required also for the induction of neural crest are also constantly detected over the course of 
neurulation (Donoghue et al., 2008) (Figure 3.3A).  The expression of neural plate border 
specifiers dlx3, msx1, pax3, tfap2a, and zic1 (Luo et al., 2001; 2003; Meulemans and Bronner-
Fraser, 2004; Hong and Saint-Jeannet, 2007; Milet et al., 2013) are required to activate the 
expression of placodal and neural crest genes (Figure 3.3B).  At gastrulation tfap2c and tfap2a 
are found at high levels in non-neural ectodermal territories, as they enter neurulation their 
expression decreases over time (Zhang et al., 2006).  In contrast, pax3 starts to be expressed as 
soon as the embryo enters neurulation and it is highly specific to the entire neural border (Bang 
et al., 1999).  As expected and in agreement with previous reports (Meulemans and Bronner-
Fraser, 2004; Donoghue et al., 2008), all neural border specifiers are expressed hours before the 
emergence of neural crest genes (Figure 3.4C, 3.5), but not necessarily before all placodal 
markers (Figure 3.4B).  The neural crest marker snai2 (Mayor et al., 1995) and the ectodermal 
multipotent marker sox5 (Nordin and LaBonne, 2014) show a steep increase after mid 
neurulation.  The fact that the levels of the pan-neural marker sox2 (Mizuseki et al., 1998) 
remains constant and that the epidermal keratin krt18, exhibits a constant increase even before 
neurulation begins (Jonas et al., 1989), suggest that neural and epidermal tissues are specified 
before placodes and neural crest. 
 
The neural crest and placodes arise in the regions between the neural plate and the neural border 
(Schlosser and Ahrens, 2004; Schlosser, 2006; Park and Saint-Jeannet, 2010; Groves and 
LaBonne, 2014) (Figure 3.1).  In order to identify the time of emergence of placodal and neural 
crest fates at neurulation, we compared the expression dynamics of pan-placodal, placodal 
specifiers, and neural crest specific specifiers (Figure 3.4).  The pan-placodal genes six1, six4, 
and eya1, are all present by the end of gastrulation and they show a slow but continuous increase 
of their overall levels during neurulation (Figure 3.4A), and is similar to tbx2, a marker of 
multiple sensory placodes (i.e., lens, trigeminal, and otic) and the cement gland (Schlosser and 
Ahrens, 2004) (Figure 3.4B).  Interestingly, the lens placode markers (six3 and pax6) and the 
adenohypophyseal placode (hesx1) reach their highest expression between the stages 12 and 14 
(Figure 3.4B).  Because these placodal markers reach their highest expression just before the 
appearance of snai2, one of the earliest markers of the neural crest (Mayor et al., 1995), this 
indicates that the specification of anterior placodes occurs just before the specification of the 
neural crest cells (Figure 3.4C, Figure 3.5).  
 
Because placodes and neural crest arise from very similar and contiguous tissues, barriers must 
be created to compartmentalize these fates. These barriers may be maintained through the 
expression of transcription factors that may promote one fate and at the same time repress the 
ectodermal fate of their neighboring tissues.  Six3 is a transcriptional repressor expressed at the 
anterior neural fold, required for forebrain and placode development, and acts to inhibit wnt and 
bmp signaling (Gestri et al., 2005).  Similarly, the anterior expression of hesx1 (Zaraisky et al., 
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1992; 1995; Kazanskaya et al., 1997) acts to inhibit Wnt/β-Catenin signaling  (Gaston-Massuet 
et al., 2008; Andoniadou et al., 2011), and contributes to the development of the forebrain, 
pituitary and nasal placodes (Dattani et al., 1998; Andoniadou et al., 2011; Ezin et al., 2014).  In 
Xenopus, the forced expression of either hesx1 or six3 in the dorsal ectoderm inhibits the neural 
crest formation (Ermakova et al., 1999; Gestri et al., 2005). Therefore, it may be possible that 
around stage 12.5, six3 and hesx1 need to be cleared from the neural plate border and become 
restricted to the anterior neuroectoderm to allow Wnt and BMP signals in conjunction with the 
neural plate border specifiers to properly induce neural crest formation.  
 
All of the neural crest genes begin to be expressed at the transition between early and mid 
neurula stages. snai2 is one of the earliest markers and is exclusive to the neural crest (Sasai et 
al., 2001) (Figure 3.4A-B).  Other genes such as foxd3, sox8, sox9, tfap2b, and tfap2e are 
detected between stages 12.5 and 14 (Figure 3.5).  The members of the soxE family (e.g. sox8, 
sox9, sox10) appear at different time points in the neural crest and placodes (O'Donnell et al., 
2006) (Figure 3.5A).  The earliest to be expressed are sox8 and sox9, followed by the later 
expression of sox10 at stage 14 (Hong and Saint-Jeannet, 2005).  The expression of sox8 and 
sox9 detected before stage 12.5 originates from other non-neural crest cells (O'Donnell et al., 
2006; Lee and Saint-Jeannet, 2011).  The low but detectable levels of foxd3 found before stage 
12.5 (Figure 3.5B), come from the posterior neuroectoderm and not the prospective neural crest 
region, but after stage 12.5 it is exclusively found in the neural crest (Sasai et al., 2001).  The 
comparison of the five members of the tfap2 or AP2 family of transcription factors (Eckert et al., 
2005) shows different dynamics at neurulation (Figure 3.6). tfap2a and tfap2c are highly 
expressed at gastrulation through the undifferentiated ectoderm and at neurulation their overall 
expression decrease and become excluded from the neural ectoderm (Luo et al., 2003). tfap2b 
and tfap2e appear the early stages of neural crest specification and are exclusive to the neural 
crest (Zhang et al., 2006).  The expression of tfap2d is barely detected at neurulation (less than 1 
RPM).  
 
The comparison of total expression levels at different time points from whole embryos provide 
useful information about the time of emergence of cell fates, in particular to those genes strictly 
expressed in a particular tissue type.  However, because genes can be expressed in multiple 
tissues at the same time we could misinterpret the emergence of new cell fates or when a gene 
begins to be expressed in a particular tissue.  In the following sections, we will compare the 
spatial and temporal dynamics of gene expression in the developing ectoderm as it differentiates 
into epidermis, placodes, neural crest and neural plate. Then we will use that information to 
compare how the neural plate border identity is affected in Xenopus embryos in which the 
transcription factor Tfap2e has been knocked down. 
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Figure 3.1 Sample collection of Xenopus laevis for mRNA sequencing  
A.  Whole embryo time series collected for mRNA analysis.  B.  Manual tissue dissections 
performed on X. laevis at stages 12.5, 14, and 17.  For stage 12.5, we collected the anterior, 
lateral, and ventral portions of the ectoderm (Eca, Ecl, and Ecv in green tissues), the anterior and 
posterior portions of the neural border (NBa, NBp in purple), and the anterior and posterior 
neural plate (NPa, NPp in blue).  Multiple samples were collected from stage 14 embryos, these 
included the anterior from the neural border (ANB in magenta) or prospective placode area 
found in the anterior neural fold, as well as the corresponding anterior and posterior portions of 
the neural plate (NPa, NPp, in blue), neural border (NBa, NBp, in purple), and epidermis (Eca, 
Ep, in green).  Larger pieces of the neural plate (NP in blue), neural border (NB in purple), and 
the anterior ectodermal portion which included the anterior ectoderm and small portion of the 
most anterior neural border (AANB, in darker pink).  At stage 17, only the neural border and the 
cranial neural crest region were collected. 
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Figure 3.2 Expression of stem cell factors during neurulation  
A.  Average expression levels of the stem cell factors pou5f3.1/oct91/oct4 and pou5f3.2/oct25 
are elevated at the end of gastrulation but their expression rapidly decays after the onset of 
neurulation.  B.  Decrease over time is also observed for the expression of the pou5f3.3/oct60 
pluripotent gene.  The mesoderm and ventral mesoderm multipotent marker ventx2.1, and the 
neural multipotent gene sox3 slowly decrease over the course of neurulation. 
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Figure 3.3 Expression of neural crest inducing and neural plate border genes at neurulation  
A. bmp4, wnt8a, fgf8a are genes coding for ligands of important inducers of neural crest fate.  
The expression levels of the receptor (notch) and ligand (dll1) of the Notch signaling pathway 
remain relatively constant.  B.  The majority of neural plate border genes are expressed before 
gastrulation.  However, pax3 is detected after the beginning of neurulation.  The expression of 
tfap2a, zic1, and msx1 slightly decreases after mid neurula, while dlx3 shows a slight increase.  
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Figure 3.4 Expression comparison of placodal and neural crest genes 
A.  Pan-placodal markers, B.  Placode specific, C.  The pan-neural marker sox2, expression 
levels remain relatively constant through neurulation.  Increase of the ectodermal multipotent 
marker sox5, the neural crest specifier snai2, and the epidermal keratin marker krt18.  The 
expression values of six4 and krt18 keratin are displayed on the right y-axis. 
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Figure 3.5 Expression of neural crest genes during Xenopus neurulation 
A.  The earliest time point of expression of neural crest genes occurs at St. 12-12.5, snai2 shows 
a dramatic increase after mid neurula.  The soxE genes: sox8, sox9, sox10, are first detected 
between stages 12 and 14.  B.  Other neural crest specific genes detected at mid neurulation 
include members of the tfap2 family of transcription factors: tfap2b and tfap2e.  
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Figure 3.6 Expression levels of tfap2 genes at neurula stages 
tfap2a and tfap2c are present at high levels at gastrula and decrease in level, after the onset of 
neurulation. tfap2b and tfap2e are expressed exclusively in the neural crest, however at late 
neurula tfap2b is detected in the intermediate mesoderm (Zhang et al., 2006). 
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Analyses of gene expression in ectodermal tissue dissections 
 
In order to distinguish and exclude samples with high degree of tissue contamination we applied 
Principal Component Analysis (PCA) on the dissected tissue samples.  For this purpose, we used 
only transcripts that had normalized read count value of at least 10 RPM.  PCA allowed the 
identification of defined groups of tissue dissections.  We identified three samples, two anterior 
neural plate borders and one anterior neural plate, which were not grouped with the rest of their 
replicates and therefore were excluded for the analyses as they may contain portions of adjacent 
tissues.  Once we had filtered out samples that seemed to have sources of contamination, we 
obtained the average and standard deviations of the normalized expression values for each tissue 
type. 
 
We first applied PCA to 29 individual dissections from stage 12.5 embryos (Figure 3.7A), 
providing us with three components that explained 69% of the variation (Figure 3.7B).  We 
noticed that the first principal component (PCA1=0.44) scored samples according to their 
position along the Dorsal to Ventral (D-V) axis (neural plate, neural border, lateral epidermis, 
and ventral epidermis), while the second component (PCA2=0.16) classified samples according 
to their position along the Anterior to Posterior (A-P) (Figure 3.7B).  We then applied PCA on 
the average values of each dissection type from stage 12.5 embryos, the first two components 
explaining 82% of the variation.  Plotting these two components the samples are classified again 
by their position along the D-V and A-P axes (Figure 3.7C).  A third component contributed to 
9% of the variation, and when plotted against PCA1, it is also possible to distinguish the neural 
plate, neural border and epidermal samples (Figure 3.7D), but the source of variation from this 
third component is unknown.  
 
We then performed PCA on the 34 individual dissections from stage 14 embryos (Figure 3.8A).  
Using the individual dissections, we detected that the first three components explained most of 
the variance (PCA1=0.34, PCA2=0.15, PCA3=0.09) The first two components, in both the 
individual and averaged dissections, also provided positional information along the D-V and A-P 
axes (Figure 3.8B-C).  The third and first components separated the neural border samples from 
the epidermis and the neural plate (Figure 3.8E). 
 
Lastly, we plotted the first two principal components using the average expression values from 
all dissections from stages 12.5, 14, and 17, and we were able to distinguish between stages, 
tissue types, and position along the D-V and A-P axes (Figure 3.9A).  In the following sections 
of this Chapter, we will utilize the tissue expression values to identify genes that are co-
expressed in the same tissues, and create in silico predictions of ectodermal expression patterns.  
In the last section of the results from this Chapter, we will use the dissection data as reference to 
compare the effects of the identity in response to tfap2e knockdown.  
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Figure 3.7 Principal component analysis on dissections from Xenopus laevis embryos at early 
neurula 
A.  Schematic of the dissections obtained from stage 12.5 embryos.  B.  Dispersion of the scores 
given by the first two components of the PCA using all individual samples from stage 12.  C.  
The first principal component (PCA1) scores samples according to their position along the 
Dorsal-Ventral axis and the second component (PCA2) classifies them with respect to their 
position along the Anterior-Posterior axis.  D.  First and third components separate samples 
according to ectodermal fate. 
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Figure 3.8 Principal component analysis on ectodermal dissections from Xenopus laevis at mid 
neurula 
A.  Schematic of the 7 types of dissections collected.  B.  PCA on all individual dissections.  
Black arrowheads indicate samples with potential tissue contamination that were then excluded 
from further analyses.  C.  PCA scores of the first and second components performed using the 
average of the normalized expression values.  Samples are segregated by their Dorsal-Ventral 
and Anterior-Posterior position in the embryo.  D.  PCA same as in C but includes anterior 
neural border dissections from tfap2e morphants embryos at stage 14 and 17 (red).  E.  PCA 
scores from the first and third components using the average of the normalized samples.  F. Same 
as in E including tfap2e morphants. 
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Figure 3.9 Principal component analysis from all ectodermal dissections collected from stages 
12.5, 14 and 17 
A.  The distribution of samples by the scores of the first and second components results in a 
visual classification by stages and ectodermal fates: epidermis (green), neural border (purple), 
and neural plate (blue).  B.  Neural borders from stage 17 morphants are closer to the 14 neural 
borders of unmanipulated controls. 
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Virtual expression of ectodermal genes 
 
In order to be able to predict expression patterns of any gene in the developing ectoderm, we 
need to first validate if our transcriptome data reflects the expression of known ectodermal 
genes.  To do so, we used the average normalized expression values of ach dissection type, and 
created virtual in situ patterns where the highest opacity percentage corresponds to the tissue 
with the strongest expression signal at stage 12 (Figure 3.10) or stage 14 (Figure 3.11).  
 
We compared our virtual in situ expression patterns to real in situ data available from the 
literature (Figure 3.12).  We visualized the virtual expression pattern of some A-P neural plate 
landmarks found at stage 14: en2 in the midbrain-hindbrain (Hemmati-Brivanlou et al., 1991), 
egr2/krox-20 in the rhombomeres r3 and r5 (Bradley et al., 1993), and hoxb9 or hoxd3 in the 
spinal cord (Lloret-Vilaspasa et al., 2010).  These genes were found in the anterior neural fold, 
anterior neural plate, and posterior neural plate respectively (Figure 3.11, bottom left).  
Moreover, the pan-neural genes sox2 and sox3 (Schlosser and Ahrens, 2004; Zhao et al., 2004) 
were found in the anterior and posterior portions of the neural ectoderm.  Neural crest markers 
(snai2, sox10, tfap2b, tfap2e) were detected preferentially at the anterior and posterior neural 
border.  We did notice that anterior epidermal tissues exhibited expression of neural crest 
markers, suggesting a potential incorporation of few neural crest cells during the dissections of 
these contiguous tissues.  Even though the expression patterns generated are not the same as the 
real ones, they still provide a fair approximation of the predicted ectodermal expression patterns.  
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Figure 3.10 Virtual expression pattern of genes expressed in the ectoderm at stage 12.5.  
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Figure 3.11 Virtual expression pattern of genes expressed in the ectoderm at stage 14 
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Figure 3.12 Comparison of virtual in situ expression with patterns of X. laevis genes available 
from the literature  
All the images used as reference were found through Xenbase (Bowes et al., 2008), and refer to 
the cited publications.(Godsave et al., 1994; Bang et al., 1999; Aoki et al., 2003; Tribulo et al., 
2003; Schlosser and Ahrens, 2004; Sato et al., 2005; Zhang et al., 2006; Park and Saint-Jeannet, 
2008; Lloret-Vilaspasa et al., 2010) 
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Classification of genes according to expression pattern 
 
In an effort to classify genes according to their expression pattern, we applied k-means clustering 
on the normalized averages from stage 14 samples.  We selected 1,838 transcripts that passed the 
following criteria: the maximum average value across all samples was greater than 40 RPM and 
the difference between the maximum and minimum values across all samples was at least 8-fold.  
We identified expression patterns associated to most of the resulting 18 clusters  (Figure 3.13 and 
Table 3.1).  
 
To distinguish the most common developmental functions associated in each cluster, transcript 
names were submitted for functional prediction to the online tool GeneMANIA (Warde-Farley et 
al., 2010).  Neural border clusters 4, 6 and 16 were primarily associated with mesenchymal, stem 
cell, kidney, reproductive system, neural tube, and neural crest development.  Cluster 3, 
contained genes expressed in the neural plate and in the neural border, was associated with the 
development of the nervous system.  
 
Neural plate genes were enriched in four clusters: 2, 7, 10 and 14.  Cluster 2 contained pan-
neural soxB genes (sox2, sox3, sox21) (Uchikawa et al., 1999) and was enriched for brain, stem 
cell, sensory organ, forebrain, and neural tube developmental functions.  Clusters 7 and 10, had 
genes expressed in the anterior neural border and were enriched for brain and nerve development 
functions.  Genes expressed in the posterior neural tube were grouped in cluster 14; this group 
was associated with neural tube and kidney development functions, and Wnt signaling related 
activities.  
 
Epidermally expressed genes were represented by clusters 5 and 11.  Most of these genes had 
activities involving cell-cell interaction, tight-junctions, Golgi vesicle transport, and plasma 
membrane organization.  Clusters 1 and 9 were mostly expressed in the ventral ectoderm and 
enriched for hematopoietic, lymphoid, immune and muscle developmental functions.    
 
Finally, to estimate the specificity of gene expression for the dissected tissues, we simply divided 
the maximum expression value from all tissues over the expression value of the whole embryo.  
The higher the specificity value, the more a gene is enriched specifically in one particular 
dissected tissue.  For example, the mean ratio of the genes found in the anterior neural border 
(cluster 6) was 8; among the genes with highest specificity ratio are those already known to be 
found in the anterior neural border: foxd3, irx4, mafb, msx2, olig3, pax3, pcdhga3, pim3, snai2, 
sox10, sox8, sox9, tfap2b, and tfap2e.  Epidermal genes (cluster 5) had a mean specificity value 
of 1.8, which is predicted as we only collected portions of the epidermis.  Conversely, specificity 
values below 1 may be expressed in other ectodermal, mesodermal or endodermal tissues, and 
this was the case for ventrally expressed gene clusters 1, 9, and 17, explaining partially why we 
observe non-ectodermal related functions among these clusters.  
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Figure 3.13 Classification of genes according to their ectodermal expression patterns using k-
mean clustering at Stage 14  
A.  Number of genes classified in each of the 18 clusters.  B.  Examples of genes in clusters 
identified as neural (blue), neural border (purple), epidermal or ventral (green and yellow), and 
neural plate and neural border (NP + NB) (turquoise). 
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Table 3.1 Genes classified by their expression pattern at stage 14 (table continues on next page) 
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Table 3.1Genes classified by their expression pattern at stage 14 
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Evaluating the effects on the identity of the neural plate in tfap2e knockdowns  
 
We and others have shown that tfap2e is required in Xenopus for the early specification of the 
neural crest, as well as, for promoting migration and neural crest differentiation (Hong et al., 
2014).  As described in Chapter 2, one of the first phenotypes observed in tfap2e morphants is a 
delay in the expression of snai2, sox10 and tlx3, suggesting that the neural crest may remain in 
an undifferentiated state as a result of the knockdown.  We reasoned that such a delay was a 
direct consequence of the loss of tfap2e, but that the presence of other tfap2 genes may 
contribute and compensate for the absence of tfap2e. 
With the ectodermal dissection transcriptome data available, we asked how the neural border 
identity is affected after the loss of tfap2e.  To answer this question, we injected embryos 
bilaterally at the two-cell stage with tfap2e MO, and dissected the anterior neural plate border of 
tfap2e morphants at early neurogenesis (St. 14) and at late neurula (St. 17).  These two stages 
correspond to the early stages of neural crest specification, and to the time when the fully 
specified neural crest is preparing to undergo migration.  For this analysis, we processed the 
samples the same way as we did for the dissections from uninjected tissues (described on the 
above sections and in the methods).  
 
To identify which ectodermal fate was the most similar to the fate of the neural border tfap2e 
morphants, we applied PCA to all the expression values from stages 14 normal and morphants 
dissections (Figure 3.8B,D, and E).  The first two principal components on stage 14 samples 
separate samples according to their position in the D-V and A-P axes (Figure 3.8B, C).  The 
anterior neural borders of tfap2e knockdowns grouped with the anterior neural fold (Figure 
3.8B).  The same was observed when we repeated the analysis using the mean expression values 
from all samples at stage 14, including the mean expression values of morphants at stage 14 and 
17 (Figure 3.8D).  However, the first and third components no longer distinguish the differences 
between normal and morphants neural borders (Figure 3.8F), as the morphants cluster with the 
normal neural border samples.  These observations suggest that the identity of the neural plate 
border adopts an anterior fate under loss of tfap2e activity.  
 
The delay of neural crest specification observed in our previous experiments was confirmed by 
PCA on all tissues from all stages available.  The tfap2e morphant neural plate borders from 
stage 17 positioned closer to the normal neural borders from stage 14 than to those from 17 
(Figure 3.9B).  This supports the hypothesis that tfap2e is necessary for neural crest cells to 
differentiate.  
 
I hypothesized that the slow recovery of expression of neural crest markers after an initial delay 
was possibly due to the redundant functions of tfap2a and tfap2c (Li and Cornell, 2007) in the 
neural plate border region., i.e. that tfap2a and/or tfap2c, may partially compensate for the loss of 
tfap2e.  Thus, we compared the levels of all tfap2 genes in anterior neural borders from normal 
and tfap2e morphants (Figure 3.14).  Even though knockdown of tfap2e reduced the expression 
of tfap2c and tfap2a in the neural border at stage 14, their expression was still detectable and 
potentially sufficient to specify the neural crest at a later time of development.  Furthermore, the 
expression of the other tfap2 genes that are exclusive to the neural crest, tfap2b and tfap2e, were 
delayed as a consequence of the knockdown.  It is worth noticing that the expression of tfap2d, 
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which is barely detectable (less than 2 RPM) in whole embryos (Figure 3.6) and in the neural 
plate border, is also affected in the morphants (Figure 3.14).  From this observation we conclude 
that the delay, and not complete elimination of the expression of neural crest markers, may 
complemented by the redundant activities of tfap2a and tfap2c (Li and Cornell, 2007; Van 
Otterloo et al., 2010), as they are present even before the expression of tfap2e or tfap2b (Figure 
3.6).   
 
In Chapter 2, we identified 76 potential downstream targets of tfap2e, after analyzing the mRNA 
from stage 16 whole embryos that were previously injected with combinations of tfap2e 
morpholino with tfap2e mRNA or an inducible GR-tfap2e.  In the analyses we looked for genes 
that were effectively rescued by Tfap2e activity in the morphants.  For some of these genes 
(snai2, sox10 and tlx3), we demonstrated by in situ hybridization that their expression could be 
effectively rescued.  One of the caveats when analyzing the transcriptome of whole embryos is 
that one cannot know whether the observed expression changes occur cell autonomously.  To 
overcome this issue, we looked for the intersection of transcripts that were significantly affected 
by tfap2e in the analyses from the whole embryos and in the neural border dissections 
experiments.  
 
 
Identification of genes that positively respond to Tfap2e in the neural border 
 
Genes that positively responded to Tfap2e activity in the whole embryos, and that were 
significantly downregulated in the anterior neural border of stage 14 of tfap2e morphants were: 
aamp, ccdc88a, col4a5, dnajc6, emilin1, naglu, nckap5l, nme4, ptk2b, snai2, sox10, sox9, srebf2, 
tbx15, tlx3, and xpo4 (Figure 3.15A and Chapter 2, Figure 2.11).  The global expression of these 
genes at neurulation showed comparable expression dynamics to neural crest markers (Figure 3.5 
and 3.15B), indicating that Tfap2e is positively regulating their expression in the newly specified 
neural crest.  From the previous list we can point out the transcriptional regulators of the neural 
crest or its derivatives: snai2, sox9, sox10, srebf2, and tlx3 (Mayor et al., 1995; Logan et al., 
1998; Spokony et al., 2002; Aoki et al., 2003; Adams et al., 2008; Grant et al., 2014).  tbx15 is 
the only transcriptional regulator with no reported expression in the neural crest.  However, the 
expression and function of the rest of the enlisted genes have not been characterized in Xenopus 
neural crest development.  Certain functions are associated with particular genes on this list: for 
example, ccdc88a encodes an actin binding protein involved in cell movement, col4a5 a collagen 
protein; and ptk2b a tyrosine kinase.  emilin1 is an inhibitor of TGFβ signaling that is expressed 
in the vasculature and in the heart (Zacchigna et al., 2006).  Exportin 4, xpo4, is known to act as 
a co-factor of Sox9 in human cells (Tsuchiya et al., 2011).  While the role of aamp in embryonic 
development is unknown, it encodes a trans-membrane protein that is known to regulate cell 
migration of endothelial cells and has been implicated in cancer progression (Vogt et al., 2008; 
Yin et al., 2013).  
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Identification of genes that negatively respond to Tfap2e in the neural border 
 
Only a few genes fall in the intersection of genes negatively associated with Tfap2e activity and 
that were upregulated in the neural border of tfap2e morphants, and these are cyp26a1-like, 
cyp27c1, gadd45gip1, gata2, hesx1, hspbp1, sec61g, ventx2.1, and Xelaev16000829m.g (Figure 
3.16A and Chapter2, Figure 2.11).  All of them are found at high levels at the entry of 
neurulation but their expression slowly decline as neurulation progresses.  Interestingly, many of 
these genes are commonly present in anterior placode.  These observations agree with the 
previous PCA analyses (Figure 3.8D), in which the morphant neural plate border grouped next to 
anterior neural fold dissections.  For instance, gata2 and hesx1 are transcriptional repressors that 
act cell-autonomously to maintain the non-neural competence of the ectoderm (Pieper et al., 
2012).  When gata2 or hesx1 are overexpressed in the dorsal neural border they repress the 
expression of neural crest and neural plate markers (foxd3, sox9, sox3) (Andoniadou et al., 2011; 
Pieper et al., 2012).  In Xenopus neurula embryos, gata2 expression in the ventral ectoderm 
mimics the pattern of dlx3 (Sykes et al., 1998; Pieper et al., 2012), and both factors are key to 
maintaining the competence of non-neural ectoderm and promote expression of pan-placodal and 
epidermal markers (Woda et al., 2003; Glavic et al., 2004a; Pieper et al., 2012).  Remarkably, 
these two genes respond differently to the loss of tfap2e knockdown, as dlx3 levels were not 
significantly different in any of our transcriptomic analyses. 
 
ventx2.1,  a is direct target of BMP signaling (Henningfeld et al., 2000).  ventx2.1 is normally 
expressed in longitudinal broad stripes along the prospective dorsal neural tube contiguous with 
the midline as well as in the posterior endoderm and mesoderm (Onichtchouk et al., 1996; 
McLin et al., 2007).  In our in vivo tfap2e knockdown experiments in Xenopus embryos and 
tadpoles (Chapter2, Figure 2.16), we consistently observed an anterior expansion of the dorsal 
expression of ventx2.1.  Some have proposed that ventx factors in Xenopus have roles analogous 
to those of the mammalian stem cell factor nanog, as premature differentiation occurs in its 
absence (Cao et al., 2004; Scerbo et al., 2012).    
 
cyp264a1 and cyp27c are two different cytochrome p450 metabolizing enzymes. cyp26a1 has 
been shown to degrade retinoic acid, thereby antagonizing the sources of retinoic acid production 
from the forebrain and surrounding tissues.  It is thought to contribute in this way to the 
establishment of boundaries that are either responsive or non- responsive to retinoic acid 
(Hollemann et al., 1998; MacLean et al., 2001; Lynch et al., 2011).  As cyp264a1 is known to 
decrease responsiveness to the retinoic acid posteriorizing signal, it is possible that the elevated 
levels of cyp26a1 may be just consequence of the anteriorization of the neural border caused by 
the tfap2e knockdown.  The roles of cyp27c, gadd45gip1, hspbp1, and Xelaev16000829m in 
vertebrate development are still unknown. gadd45gip1 in leukemia cells has been implicated in 
the inhibition of cell cycle progression (Zhang et al., 2011; Ran et al., 2014).  Further analyses 
will be required to determine if these genes play a negative role in neural crest specification. 
 
Finally, it is worth mentioning that the expression of placodal markers (six3, eya1, otx2) in the 
neural border of the morphant embryos was significantly elevated with respect to the normal 
tissue, but significant in the tfap2e knockdowns from whole embryos was not able rescue the 
morphant phenotype.  The fact that anterior neural and placodal genes are enriched in the tfap2e 
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morphants suggests that the neural border region is adopting an anterior placodal fate at the 
expense of the neural crest. 
 
 
 
 
 
 
 
 
Figure 3.14 Expression of the tfap2 family of transcription factors in the anterior neural border of 
normal embryos and tfap2e morphants  
Expression is shown for both copies of tfap2 genes found in Xenopus laevis.  Only one tfap2d 
gene is annotated and its expression is extremely low (less than 2 RPM). 
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Figure 3.15 Anterior neural border expression of genes positively associated to Tfap2e  
A.  Expression of genes in anterior neural borders from normal embryos (green) at stage 12, 14, 
and 17 and tfap2e morphants (red) at stage 14 and 17.  B.  Whole embryo expression during 
neurulation of genes positively associated with Tfap2e function.  Most of these genes (firs two 
graphs) are initially detected between stages 12.5 and 14, during the time of neural crest 
specification.  The other genes may not be specific to the neural crest, as expression is detected 
before the emergence of the neural crest. 
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Figure 3.16 Anterior neural border expression of genes negatively associated with tfap2e activity 
A.  Expression of genes in anterior neural borders from normal embryos (green) at stage 12, 14, 
and 17 and tfap2e morphants (red) at stage 14 and 17.  B.  Expression time series from whole 
embryos at neurulation of genes negatively associated with Tfap2e activity.  gata2, hesx1, and 
cyp26a reach their highest expression levels between stages 12 and 14.  Xelaev16000829m, 
cyp27c and ventx2.1 show a continuous decline at the end of gastrulation. hspbp1 and 
gadd45dip1 remain constant, whereas sec61c is present before the onset of neurulation but its 
expression increases at early neurula. 
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Discussion 
 
In collaboration with the Monsoro-Burq lab at the Curie Institute, we obtained and examined the 
transcriptome of Xenopus laevis embryos over the course of neurulation from whole embryos 
and ectodermal dissections (Figure 3.1).  The data gathered was used to observe the dynamics of 
gene expression during neurulation and allowed us to classify genes according to their 
ectodermal expression patterns.  Even though the virtual in situ data that can be obtained from 
this data is not perfect, it can be informative about the expected expression pattern of 
uncharacterized genes.  In the future our labs intend to provide a user-friendly interface that will 
allow the scientific community to access information about the dynamics as well as the virtual in 
situ expression patterns of any gene expressed in the ectoderm from the end of gastrulation until 
the late neurula. 
 
As part of the analysis we did using these datasets, we analyzed the dynamics of groups of genes 
associated to stem cell factors, and specifier genes of the different ectodermal fates.  We 
observed a steep decrease of pou5 and ventx multipotency markers between stages 11 and 12 
(Figure 3.2).  This event may be necessary to properly specify and determine the three germ 
layers, as these factors are known to maintain pluripotency (Cao et al., 2004; Scerbo et al., 2012; 
Young et al., 2014).  The loss of stem cell factors also coincided with the increase in the 
expression of neural, epidermal, neural crest and placodal specification markers (Figure 3.4).  
Among these cell fates, the neural and epidermal seem to be specified first, because markers of 
neural plate (sox2, sox3, sox21) and epidermis (krt18) are already detected at the end of 
gastrulation.  The time of emergence of placode and neural crest markers suggest that the 
placodal is specified slightly after the end of gastrulation, and it is followed by the specification 
of the neural crest at the beginning of neurulation (Figure 3.4 and 3.5). 
 
In agreement with the neural crest gene regulatory network (Meulemans and Bronner-Fraser, 
2004; Steventon et al., 2005; Sauka-Spengler and Bronner-Fraser, 2008; Betancur et al., 2010), 
the genes belonging to the BMP, FGF, Notch, Wnt, and Retinoic Acid signaling pathways are 
already present at gastrulation, and during neurulation they do not show dramatic changes 
relative to the initial levels observed at end of gastrulation (Figure 3.3A, Retinoic Acid not 
shown).  The neural plate border specifiers (dlx3, msx1, pax3, and zic1) increase in expression 
between the end of gastrulation and early neurulation, but after that period their expression 
remains fairly constant (Figure 3.3B).  
 
After the embryo enters neurulation the neural plate border region and the anterior neural folds 
are specified into placodal and neural crest fates, respectively (Figure 3.1) (Groves and Bronner-
Fraser, 2000; Park and Saint-Jeannet, 2010).  Experiments using ectodermal tissue transplants 
have demonstrated that the competent time period where the ectoderm can respond to signals 
coming from the presumptive lens ectoderm occurs at early neurula (between stages 11 and 12) 
(Servetnick and Grainger, 1991; Zygar et al., 1998; Jinek et al., 2012), whereas the time window 
where the ectoderm can respond to neural crest inducing signals is slightly longer (between 
stages 11 and 14) (Mancilla and Mayor, 1996; Pieper et al., 2012).  The timeframes of these 
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competence periods agree with peaks of expression of the anterior placodes (Figure 3.4B) and 
the appearance of the neural crest specifiers (Figure 3.4 and 3.5).  Transcription factors of the 
anterior placodes negatively influence on the expression of neural crest genes, therefore the 
correct spatiotemporal expression of these key factors will help to set up the barriers that 
determine placodal and neural crest fates (Ermakova et al., 1999; Gestri et al., 2005). 
 
We evaluated the neural plate border’s identity when we disrupted the function of tfap2e, an 
early specifier of the neural crest.  We generated a tissue dissections time series to assess the 
effects of tfap2e in the developing anterior neural border of Xenopus embryos.  Previous work, 
including that described in Chapter 2, suggest that tfap2e has a role in neural crest specification, 
migration and differentiation (Hong et al., 2014).  In our hands, we noticed that the tfap2e 
knockdown delayed the expression of some neural crest markers (Chapter2, Figure 2.6).  The 
global expression patterns of the tfap2e morphant neural border with those of normal dissections 
indicated that the fate of the neural border was closer to the anterior neural fold (Figure 3.8 and 
3.9).  Further, the neural borders of stage 17 morphants were more similar to the neural borders 
at stage 14, suggesting that the loss of tfap2e delays the formation of the neural crest (Figure 3.8 
and 3.9).  We proposed that tfap2a and tfap2c still present in the neural border might be 
sufficient to later induce the neural crest specifier markers (Figure 3.14).  We would expect that 
the dual knockdown of tfap2a and tfap2e would lead to a complete failure on the specification of 
neural crest, and that the redundant function of tfap2a rescue tfap2e knockdown, as it is true in 
zebrafish (Hoffman et al., 2007; Li and Cornell, 2007; Van Otterloo et al., 2010).  
 
We subsequently compared the expression dynamics of genes that were shown to respond 
positively or negatively to Tfap2e activity.  These genes were obtained from the analyses of 
whole embryo sequencing described in Chapter 2.  We conclude that the expression of key 
positive regulators of the neural crest is severely compromised at the entry of neurulation, but 
that their expression is slightly recovered at mid neurula (St. 17) (Figure 3.15A).  Many of the 
positively associated genes fall under the categories of transcriptional regulators of the neural 
crest and mediators of cell migratory processes, and their expression dynamics are similar to 
known neural crest genes (Figure 3.15B).  The transcription factors snai2, sox10 and tlx3 have 
been demonstrated in vivo to be rescued in tfap2e morphants by tfap2e mRNA and by the 
induction of GR-tfap2e at the end of gastrulation.  However, to demonstrate direct interactions 
between Tfap2e and the potential targets, it will be necessary to identify and validate the cis-
regulatory elements that drive expression of these genes in the neural crest. 
 
Since the neural border of tfap2e morphants appears to adopt an anterior neural fold fate, which 
is normally where placodes would be specified, it was interesting to observe in the morphants 
elevated expression levels anterior neural fold (hesx1, cyp26a1, cyp27c), non-neural ectoderm 
(gadd25pid, gata2), and stem cell factors (ventx2) (Figure 3.16).  The adoption of the anterior 
neural fold fate, may be due to the elevated of hesx1 (Ermakova et al., 1999) and cyp26 
(Hollemann et al., 1998) are expressed in anterior placodes, and gata2 in the non-neural 
ectoderm.  
 
The absence of neural crest caused by the loss of tfap2e at early neurula could lead to an 
expansion of the pre-placodal territory.  Since some placodal factors have been shown to repress 
neural crest specification markers (Gestri et al., 2005; Andoniadou et al., 2011; Pieper et al., 
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2012).  Therefore it is possible that the mechanism of establishing boundaries between placodes 
and neural crest requires a mutual exclusion through the repression of the opposite fate (Figure 
3.17A).  Since tfap2 transcription factors are known to act as transcriptional activators, it is likely 
that the repression of placodal genes may be indirect through activation of transcriptional 
repressors such as snai2, foxd3 or soxE factors (Figure 3.17B).  
 
We anticipate that the datasets we have obtained, together with the analysis of tfap2e knockdown 
will contribute to the understanding of the complex process of ectodermal fate specification, in 
particular the neural crest.  To decipher the mechanisms of how the ectoderm is able to adopt its 
different fates, we need to know the types of interactions present for each gene within the 
regulatory network.  Therefore it will be useful to know the regulatory elements that dependent 
on transcriptional regulators of the network and are responsible for driving expression in the 
neural crest.  Ultimately all these information could be compared across different species and 
identify the similarities and differences that contribute to phenotypic variation. 
 
 
Figure 3.17 Proposed model for neural crest and placode specification 
A.  Boundaries are formed in the neural border and pre-placodal region during gastrulation.  As 
soon as placodal and neural crest specifiers are expressed identity boundaries are fully 
established.  B.  In tfap2e knockdown conditions, the delay in specification of the neural crest 
may cause an expansion of the placodal territory. 
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Methods 
 
Tissue dissection 
 
Each replicate for the tissue dissections was independently collected from different parents.  
Frogs were fertilized as described in the general methods Chapter 2, and left to slowly develop in 
12, 14, or 16°C incubators to allow us to collect them embryos at the desired stages.  After 
embryos reached the right stage, they were placed in new and clean 5 cm plastic dishes with 2% 
agarose and filled with 1/3 MR media. Small holes were made in the agarose to allow easy 
positioning of the embryo.  Embryos were devitellinized using blunt ended forceps.  Embryos 
were positioned with the dorsal posterior towards the lens of the dissecting scope.  An eyebrow 
knife was used to pass under the skin and ectoderm and fine forceps served as scissors to cut out 
the tissue of interest.  The eyebrow knife helped separate the ectoderm from the mesodermal 
cells underneath.  Once the tissue was separated from the embryo it was placed in a clean 1ml 
tube containing 500 µl of 1/3 MR.  We removed the excess of media and immediately added 300 
µl of cold TRIzol (Life Technologies) and proceeded to partially homogenize samples by fast 
pipetting the TRIzol with a 200 µl tip.  Samples were left at 4°C for up to 8 hours until we used a 
syringe and a needle to fully homogenize the tissues.  Homogenized samples were stored at -
80°C.  
Total RNA was purified following the exact instructions provided by the manufacturer (Life 
Technologies).  Linear polyacrylamide was added as carrier to the total RNA.  The purified RNA 
was divided in two: one half volume was used for assessing mRNA quality with the BioAnalyzer 
(Agilent technologies) and quantification of gene expression by RT-qPCR (BioRad), and the 
other half was stored at -80°C for later RNA-seq library preparation (at least 80 ng of total 
RNA).  
 
Sequencing of whole embryos and tissue dissections  
 
At minimum 20 Million of 50 pb paired-end reads was obtained per library from the Illumina 
HiSeq 2000.  Samples were aligned against the X. laevis genome v.1.6 (kindly provided by 
Adam Session from the Rokhsar lab at UC Berkeley) using TopHat (Langmead and Salzberg, 
2012; Kim et al., 2013).  Cufflinks  (Trapnell et al., 2012) was used to predict cDNAs in addition 
to those transcripts already annotated in the X. laevis v.1.6 genome.  Transcripts predicted by 
Cufflinks  were submitted to a BLAST search (Altschul et al., 1990), and the gene name from 
the best hit from Xenopus tropicalis transcriptome was assigned to each transcript.  HTSeq was 
used to obtain the numbers of reads that mapped to each of the 47,710 Xenopus laevis transcripts 
present in our dataset.  We obtained a total of 77 sequenced libraries belonging to the whole 
embryos stage series and the 14 different dissection types from three neurula stages (St. 12.5, 14, 
and 17) from normal and tfap2e and morphant embryos.  All samples contained at least two 
biological replicates and their corresponding reads were normalized by the total number reads 
per million mapped (RPM).  
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Identification of differentially expressed genes 
 
We identified differentially expressed genes between anterior neural border from normal and 
morphants embryos using EdgeR (Robinson et al., 2010).  Raw read counts were introduced to 
the EdgeR package, and samples were normalized by the upper quartile.  Genes were considered 
differentially expressed if the p-value of the gene comparison between two samples was less than 
0.005. 
 
Tissue samples and gene classification 
 
Python scripts were generated for obtaining the K-means clustering and principal component 
analyses These depended on packages from scikit-learn machine-learning (http://scikit-
learn.org).  Graphs were constructed using the seaborn v.0.5.1 package 
(http://stanford.edu/~mwaskom/software/seaborn/).  
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Chapter 4   
 
 
Genomic dynamics of tfap2 syntenic clusters and identification of putative cis-regulatory 
elements dependent on Tfap2 proteins 
 
 
 
Summary 
 
The evolutionary origin of the neural crest has been suggested to occur during the divergence of 
vertebrates from tunicates.  The co-option of mesenchymal factors may have contributed to the 
ability of neural plate border cells to detach from the ectodermal epithelium, migrate, and 
differentiate into mesodermal-like derivatives.  These novel properties were possibly facilitated 
by the genetic redundancy and cis-regulatory changes which resulted from the consecutive 
rounds of genome duplication after vertebrates diverged from tunicates (Dehal and Boore, 2005).  
Tunicates, the vertebrates’ closest living relatives, possess two tfap2-like genes that are likely to 
correspond to the ancestral tfap2 genes.  In the first section of this Chapter, I present 
observations that resulted from comparing the structure and conservation of tfap2 syntenic 
clusters in vertebrates.  In the second section, I show preliminary evidence of Tfap2e binding to 
the vicinities of neural crest genes obtained by chromatin immunoprecipitation (ChIP) assay.  
 
I propose that tfap2a, tfap2c and tfap2d-tfap2b originated from duplications of large genomic 
regions from the ancestor of vertebrates.  These regions may have copied and retained the cis-
regulatory elements that drive expression in the non-neural ectoderm and neural plate border of 
common ancestors of vertebrates and tunicates (Jeffery et al., 2008; Green and Bronner, 2013).  
Independently and after the large duplication that generated the four tfap2 clusters, a tandem 
gene duplication event, which generated tfap2d and tfap2b, may have caused the loss of synteny 
upstream tfap2b locus that is common between tfap2a and tfap2c clusters.  Lastly, since the 
synteny of tfap2e is well conserved across most vertebrate species, but does not share syntenic 
paralogs with other tfap2 gene clusters, it is possible that this locus derived from one of the two 
copies found in the last common ancestor between tunicates and vertebrates.  The differences in 
the genomic context of tfap2 genes can help explain how these retained or lost ancestral 
regulatory elements, which gave rise to the epidermal and neural crest expression patterns that 
may have contributed to establish the gene neural crest regulatory module.  
 
At present, active enhancer regions in human neural crest cells (Rada-Iglesias et al., 2013).  
Whether these elements are recognized by the same factors and regulated similar as other 
vertebrates remains unknown.  In the second section of this thesis, we describe the putative cis-
regulatory elements found near the genes that correlate to Tfap2e function. The regions were 
identified by ChIP-seq against a Flag-tagged Tfap2e (Flag-Tfap2e) construct injected into 
Xenopus tropicalis embryos. Of the neural crest related genes, the regions that showed the 
highest degree of evolutionary conservations were near loci of neural plate border genes, but no 
so much in downstream effectors of the neural crest.  
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Introduction 
 
One of the most obvious features that distinguishes the neural crest from its neighboring placodal 
region (Gans and Northcutt, 1983), is its ability to become mesenchymal and migrate long 
distances.  The incorporation of mesenchymal properties into neural crest cells derived from 
ectodermal origin is a novel feature in vertebrates (Gans and Northcutt, 1983; Shimeld and 
Holland, 2000; Bronner and LeDouarin, 2012).  
 
Tunicates, the closest living relatives of vertebrates (Delsuc et al., 2006), have homologous 
structures to the olfactory and adenohypophyseal placodes and express similar markers to those 
in vertebrate placodes (pitx, eya and six) (Bassham and Postlethwait, 2005; Glenn Northcutt, 
2005).  They also posses neural crest-like structures, which share expression of some 
homologous neural crest genes, but which do not delaminate or migrate from the ectoderm.  
Recent studies, by Abitua et al., demonstrated that misexpression of twist in Ciona can induce 
delamination and migration of cephalic melanocytes, which derive from the neural plate border 
of ascidian embryos (Abitua et al., 2012).  Furthermore, studies in amphioxus, a more distant 
chordate, suggest that the head cartilage in vertebrates was generated by co-option from the 
ancestral regulatory programs present already in cephalochordates; this include the regulatory 
module by soxE to promote skeletal cartilage in the head of the vertebrates (Jandzik et al., 2015).  
Therefore studies in both Ciona and amphioxus, strongly suggest that co-option of mesenchymal 
components in the neural border were used to generate the vertebrate neural crest regulatory 
network.  It is likely that changes in cis-regulatory elements from mesenchymal determinants 
such as, snai, twist, and soxE contributed to this process (Bronner and LeDouarin, 2012; Green et 
al., 2015; Simões-Costa and Bronner, 2015).  
 
The regulatory changes that led to differential expression patterns in the neural crest network was 
presumably facilitated by the two rounds of genome duplication that occurred at the root of the 
vertebrate lineage (Dehal and Boore, 2005; Wada and Makabe, 2006; Nikitina et al., 2009; 
Green et al., 2015).  The comparison of expression patterns, functional interactions, and syntenic 
relationships of neural border genes can help unfold the mechanisms that may underlie the 
origins of the vertebrate neural crest.  Amphioxus for example, has unique copies of tfap2, soxE, 
id, snai, and twist genes, none of which is co-expressed in the neural plate border (Meulemans 
and Bronner-Fraser, 2004; Van Otterloo et al., 2012; Jandzik et al., 2015).  In contrast, tunicates 
contain pairs of tfap2 and twist paralogs, and unique copies of soxE and snail, some of which 
(snai and tfap2) are co-expressed in the neural plate border region (Jeffery et al., 2008; Abitua et 
al., 2012).  In vertebrates, whole genome duplications, and tandem duplications, generated 
multiple gene copies: five copies of tfap2, two of twist, three of soxE, and two of snai.  The 
expression patterns from each duplicated gene evolved to create specific expression patterns 
some of which may resemble the ancestral expression pattern.  
 
Among the neural crest and neural plate border genes, the tfap2 family experienced the largest 
increase of gene copies.  The tfap2-like genes in Ciona and amphioxus are expressed in non-
neural ectoderm territories (Jeffery et al., 2008; Yu et al., 2008).  In vertebrates tfap2a and 
tfap2c are also expressed early in development and are found in the non-neural ectoderm (Moser 
et al., 1997; Zhang et al., 2006; Hoffman et al., 2007). tfap2 orthologs from amphioxus and 
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lamprey can effectively rescue the phenotypes of tfap2a/c deficient zebrafish embryos (Van 
Otterloo et al., 2012), it is likely not the function of Tfap2 factor which has evolved, but rather 
the cis-regulatory elements from mesenchymal components  (Van Otterloo et al., 2012; Jandzik 
et al., 2015).  Since the expression of tfap2b, tfap2d, and tfap2e genes differ from the ancestral 
tfap2 expression patterns (Chapter 2 and 3), it is likely that their regulatory elements evolved to 
become more responsive to neural crest inducing signals and that they also lost the epidermal 
enhancer.  However, the cis-regulatory elements that drive expression of tfap2 factors in 
different tissues have not been fully described.  In order to help in the identification of conserved 
regulatory elements, I decided to compare the four different tfap2 syntenic clusters that contain 
the all five tfap2 genes.  In the second part of the results section I will show results from 
chromatin immunoprecipitation analysis on Tfap2e. 
 
 
 
Results and Discussion 
 
Syntenic analysis of tfap2 gene clusters 
 
Ciona intestinalis, one of the closest living relatives of vertebrates, has two AP2-like genes 
present in which are likely to represent the two tfap2s already present in the last common 
ancestors of vertebrates and tunicates.  It is possible that vertebrates generated 3 extra paralogs 
during the two rounds of genome duplication.  Based uniquely on the expression patterns of 
tfap2 genes across different vertebrate species, I hypothesize that the expression of tfap2a and 
tfap2c may resemble the ancestral expression of tfap2-like genes in the non-neural ectoderm. In 
contrast, the expression patterns of tfap2b, tfap2d, and tfap2e genes are more variable across 
different vertebrates and possibly lost epidermal regulatory regions.  In order to address their 
ancestral origin, I compared the syntenic clusters of different tfap2 genes using the Genomicus 
synteny tool (Muffato et al., 2010). I compared the synteny using all chordates available in 
Genomicus database.  However, under the parameters used to detect synteny I could not detect 
synteny conservation for any region surrounding the AP2-like genes from Ciona.  This is not 
surprising, since it is known that the genome of Ciona has rearranges extensively during its 
evolution (Dehal et al., 2002). 
 
The tfap2a and tfap2c syntenic clusters are defined by three pairs of paralogs: nedd9/cass4, 
gcnt2/gcnt7, and bmp6/bmp7, respectively.  The nedd9/cass4 genes are members of a family of 
the Cas-family of adapter proteins that also contain BCAR (p130Cas), and EFS (Sin) (Nikonova 
et al., 2014), which control cell-adhesion (Tikhmyanova et al., 2010) and are implicated with 
neural crest migration (Aquino et al., 2009).  Synteny between tfap2a and the serially repeated 
tfap2d-b is defined by five paralogs: tmem14b-c/tmem14a, mak/ick, gcm2/gcm1, elovl2/elovl5 
and bmp5/bmp7, none of which is detected in tfap2c cluster (Figure 4.1).  The presence of 
paralogs indicates the origins of this loci from the same genomic template, presumably during 
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the first rounds of genomic duplications that occurred prior to the divergence of fish and tetrapod 
lineages, followed by loss of some genes prior to the second round of duplication. 
 
By looking in detail at the tfap2a syntenic cluster, I noticed that the syntenic structure is highly 
conserved across all vertebrates (Figure 4.2).  In contrast, tfap2c cluster is disrupted in most fish 
species (Figure 4.4).  Since the order of the genes shared between tfap2a and tfap2c cluster is the 
same, it indicates that the region has not undergone inversions between nedd9/cass4 and 
bmp6/bmp7 (Figure 4.1). 
 
The tfap2d-b cluster is conserved in most vertebrates except fish, who may have suffered 
rearrangements after they separated from the other vertebrates.  The five genes shared between 
tfap2d-b and tfap2a clusters are only conserved within the Theria subclass, which includes the 
marsupials and placentals (Figure 4.1 and 4.3).  In all the vertebrates, tfap2d is adjacent and 
upstream of tfap2b, and since such duplicates are not found in the other loci, it is likely that they 
became tandemly duplicated after the two whole genome duplication events.  Since all of the 
gene paralogs shared between tfap2a and tfap2b clusters are found downstream of tfap2b (Figure 
4.1), it is likely that tfap2b’s upstream regions were rearranged, translocated or lost after the 
small tandem duplication.  The expression pattern and levels of tfap2b and tfap2d in Xenopus, 
are quite different (Figure 2.2 and 3.6).   In mouse, zebrafish, and lamprey Tfap2d is known to be 
expressed and be functionally distinct to the other Tfap2 factors (Zhao et al., 2001a; Tan et al., 
2008; Van Otterloo et al., 2012).  Therefore, redundancy may have allowed Tfap2d to 
accumulate and fix mutations in the coding region and its corresponding regulatory elements. 
 
Even though the tfap2e syntenic cluster is conserved across all vertebrate species; none of its 
flanking genes share homology with other tfap2 clusters.  Therefore, I hypothesize that tfap2e 
may have been derived from a second copy of the ancestral tfap2-like genes which did not 
undergo further duplication (Figure 4.5).  
 
In light of the described observations, and based on the fact that tunicates have two tfap2-like 
genes, it may be possible that the ancestor of chordates had two tfap2 genes that at least one of 
them was expressed in the non-neural ectoderm and neural plate border domains.  Thus, after 
vertebrates duplicated their genomes, the regulatory elements of the ancestral genes were copied 
and evolved independently to generate distinct expression patterns.  An open question remains as 
to which changes in the tfap2s’ cis-regulatory elements that led to new expression patterns and 
helped establish the neural crest gene regulatory network.  
 
One last observation regarding syntenic clusters has to do with possible implications for cis-
regulation between genes from the same cluster.  Tetrapods conserve the syntenic block that 
contains crisp1 and tfap2d-tfap2b genes (Figure 4.3).  In Xenopus, tfap2b expression in the 
neural crest is directly controlled by Pax3 (Bae et al., 2014; Plouhinec et al., 2014).  Similarly, 
crisp1’s expression activity in the developing hatching gland, also at the border of the neural 
plate, (Schambony et al., 2003) is highly responsive to Pax3 and modulated by Zic1 (Hong and 
Saint-Jeannet, 2007; 2014).  Whether the regulatory elements of tfap2d, tfap2b, and crisp1 may 
overlap in function from each other is unknown.  A recent study, in mouse embryos, showed that 
the expression of tfap2c and bmp7 is regulated by different and non-overlapping cis elements 
that localize between these adjacent genes (Tsujimura et al., 2015).  The separation of these two 
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domains is made by a transition zone region that limits the chromatin from interacting with the 
enhancers for the adjacent gene.  Future examinations on transcription binding of neural border 
specifiers, and localization of active enhancer chromatin marks from distinct ectodermal tissues 
will be required to help determine the elements and mechanisms that led tfap2 expression to 
acquire novel expression patterns.  In the following section I will present the results of the ChIP-
seq analysis done for Tfap2e, as a way to identify potential neural crest regulatory elements in 
Xenopus tropicalis. 
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Figure 4.1 Syntenic clusters comparison between all tfap2 genes in the vertebrate lineage 
(Figure legend on next page)  
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Syntenic clusters comparison between all tfap2 genes in the vertebrate lineage 
Tfap2 syntenic cluster obtained using Genomicus online tool (Muffato et al., 2010).  The four 
tfap2-syntenic clusters are centered on the tfap2 orthologs from five vertebrate species: human, 
frog, Coelacanth, cave fish and spotted gar.  Each color corresponds to different orthologous 
gene per syntenic cluster.  The genes from a cluster that share homology with other syntenic 
clusters are linked with a dashed line.  Note that the genes tfap2d and tfap2b are adjacent to each 
other and in direct repeat orientation inside the same cluster.  Expression patterns from neurula 
and tadpoles expressing tfap2a, tfap2c, tfap2b and tfap2e are shown on the right of their 
corresponding cluster, except for tfap2d that is barely detected at these stages (Chapter 2, Figure 
2.2).  The tfap2a syntenic cluster shares homologs with tfap2c and tfap2d/b clusters.  
Conversely, the tfap2e cluster shares the least number of homologs. (Additional detail for each of 
the clusters in found in Figures 4.2-4.5) 
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Figure 4.2 tfap2a syntenic group 
tfap2a is linked to bmp6 across the vertebrate lineage.  A cluster of 6 genes (tfap2a (+), slc32b3 
(+), eef1iei (+), uncharacterized (+), txndc5 (+) and bmp6 (-)) lies adjacent to tfap2a.  Fish 
conserve fewer genes in the cluster.  There are five species that do not present the association 
between tfap2a and bmp6, these are, the giant panda, Tasmanian harrisii, duck, zebra finch and 
platy fish.  The giant panda and duck conserve synteny upstream tfap2a, while the synteny 
downstream tfap2a is lost.  Conversely, platy fish and coelacanth conserve synteny-surrounding 
bmp6 but the tfap2a gene is not present.  It is worth noticing that the tfap2a-bmp6 cluster is 
absolutely absent in lamprey and Ciona.  
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Figure 4.3 tfap2b and tfap2d syntenic groups 
tfap2d and tfap2b always found in direct orientation adjacent to each other in all vertebrate 
species.  However, tetrapods show different syntenic relationship to fish. Large conservation of 
the tfap2d-tfap2b syntenic cluster is only found in tetrapods.  Xenopus has multiple crisp1 
paralogs that share at least 60% amino acid sequence identity. 
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Figure 4.4 tfap2c syntenic groups 
With the exception of fish species, the genes tfap2c (+) and bmp7 (-) are convergently oriented in 
most of the vertebrate species.  The colored boxes represent syntenic blocks shared in tetrapods, 
Coelacanth and spotted gar that have been rearranged in fish. New assemblies of the Xenopus 
genome do show tfap2c to be convergent to bmp7,  therefore it is possible to assume that other 
vertebrates (armadillo and turtle) contain broken genomic scaffolds.  Most fish species show 
broken synteny of the tfap2c cluster (compared to human).  Only two genes positioned upstream 
of tfap2c (rtfdc1and gcnt7, in different shades of green) are still found in all fish (except in 
Medaka, Tetraodon and platy fish).   
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Figure 4.5 tfap2e syntenic group 
This syntenic cluster is the only of the tfap2 clusters to not to share homology between other 
tfap2 clusters.  Tetrapods and Coelacanth show high degree of syntenic conservation, while 
other fish appear to have suffered local genomic inversions, but still conserve partial synteny. 
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Identification of potential regulatory elements regulated by Tfap2e  
I supervised the honors thesis of Anastasia Lobanova, a former UC Berkeley undergraduate 
student.  One of her goals was to identify regulatory elements of neural crest genes recognized 
by Tfap2e in the Xenopus tropicalis genome. Since there were no commercially available 
antibodies that could recognize Tfap2e protein from amphibians, we designed a tagged 3xFlag-
Tfap2e construct that could be recognized by an antibody against the Flag peptide.  Because 
Tfap2e is known to recognize the canonical AP2 binding site [5’-GCC NNN GGC-3’], thus we 
considered that the immunoprecipitated chromatin would pull out regions that also be bound by 
any of the Tfap2s.  We then focused on genes that correlated with Tfap2e activity, and other 
genes expressed in the neural crest and neural border.  
 
The flag-tfap2e mRNA was injected in Xenopus embryos as mRNA in one of two-cells.  
Overexpression of the construct resembled the effects observed in conditions where GR-tfap2e is 
induced (Figure 4.6A).  To confirm the protein was effectively synthesized, we injected flag-
tfap2e mRNA in at low doses (less than 50 pg in X. laevis and 35 pg in X. tropicalis) where we 
did not observe developmental defects caused by high doses of tfap2e (Figure 4.6A).  Proper 
synthesis of Flag-Tfap2e was confirmed by immunoblotting using an antibody against the Flag 
epitope.  Since we noticed that the antibody in X. laevis recognized an unspecific band ~37 kDa, 
we decided to use X. tropicalis to avoid incorporation of potential noise to our intended 
immunoprecipitation. 
 
 
Figure 4.6 Injections of flag-tfp2e mRNA in Xenopus embryos and detection of FLAG epitope 
by Western Blot 
(Figure legend on next page)  
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Injections of flag-tfp2e mRNA in Xenopus embryos and detection of FLAG epitope by Western 
Blot 
A.  Xenopus tropicalis embryos injected with GR-tfap2e (50 pg) and flag-tfap2e (20 pg) mRNA 
on the side indicated by a green arrowhead.  Mild expansions of sox10 expression domain in the 
neural crest were observed in the flag-tfap2e injected embryos.  Patterns were compared to the 
effects of not induced and induced GR-tfap2e injected embryos.  B.  Uninjected controls (WT), 
and embryos injected with tfap2e MO (Mo) or flag-tfap2e mRNA (Fl) from stage 11 and 17 for 
X. laevis and stage 14 in X. tropicalis.  Actin was used as loading control.  The expected and 
observed size of Flag-Tfap2e is ~50 kDa, while an unspecific peptide was detected in X. laevis. 
 
 
We performed ChIP-seq from X. tropicalis embryos at the mid neurula stage injected with flag-
tfap2e mRNA.  To control for background signal we processed uninjected siblings the same way 
as the injected embryos.  The resulting ChIP-seq reads were mapped against the X. tropicalis 
genome.  Enrichment for canonical AP2 motifs was found in flag-tfap2e injected embryos when 
compared against the uninjected control sample (p-val < 1e-946).  Table 4.1 contains is a list of 
genomic coordinates with a signal of Tfap2e binding in the vicinities of genes expressed in the 
neural border and also those that correlated with Tfap2e activity in the transcriptome analysis 
from Chapter 2 (Table 4.1).  
 
Of the genes that positively responded to Tfap2e activity, we observed Tfap2e enrichment in 
genes that promote mesenchymal fates (flna, snai2, sox8, sox10, vasn) and proliferation (mycn), 
(Figure 4.7).  Taking together the RNA-seq and ChIP-seq analyses, it suggests that Tfap2e acts 
as an activator upstream of mesenchymal associated genes. Additionally, we observed strong 
peaks in the vicinities of genes that negatively respond to the presence of Tfap2e (cyp26a1, 
cyp27c1, hesx1, prr5, and xbp1).  However, we cannot exclude that Tfap2e is necessary to 
repress the expression of anterior placode genes in neural crest territories. Such repression could 
be mediated through interaction with co-repressors, as it known to be the case for Tfap2a and 
Tfap2c in mammalian cells (Ding et al., 2009; Wong et al., 2012). Unpublished and preliminary 
ChIP-seq data against β-Catenin obtained by Rachel Kjolby, in the Harland lab, shows that β-
Catenin can interact to the same regions where Tfap2e binds near genes negatively regulated by 
Tfap2e (Figure 4.7, small blue boxes). In contrast, or the positive regulated genes, only tlx3, 
pax3 and emilin1 (positively regulated by Tfap2e) showed overlapping Tfap2e and β-Catenin 
peaks. β-Catenin is known to interact to Tcf/Lef and derepressed transcription (Daniels and 
Weis, 2005). Further test will be required to determine whether Tfap2 interacts with co-
repressors.  
 
Of the genes that correlated with Tfap2e activity, only the neural specifiers tlx3 and ebf2 showed 
evidence of ~250 bp sequence conservation (Figure 4.7, peaks with red asterisks).  We noticed 
that the Tfap2e binding-enriched regions of genes involved in the early processes of neural crest 
specification (dll1, msx1, pax3, tfap2a, tfap2b, bmp2, foxd3) were highly conserved in more than 
two other vertebrate species (Table 4.2).  These did not show strong correlation with Tfap2e 
activity, presumably because the genes are not restricted to the neural crest. It is still unknown 
whether there is evolutionary pressure to retain the putative cis-regulatory elements of key neural 
border specifiers (msx1, pax3, tfap2a) and early neural crest specifiers (tfap2b).  Here we 
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describe two representative examples near tfap2b and pax3 where the Tfap2e-bound regions are 
evolutionary conserved across different vertebrate species.  
 
One of the peaks localized 18 kb downstream tfap2b locus (GL172699.1:1,639,097-1,639,839) 
showed strong. In the region there are Pax, Sox10 and AP2 binding sites are evolutionary 
conserved, particularly in tetrapods (Figure 4.8).  All of these vertebrate conserved regions 
shown in Table 4.2 need functional validation for enhancer activity in Xenopus and other 
vertebrate species.  
 
A second example of a strong Tfap2e peak, which was also conserved, was observed inside the 
fourth intron of pax3 (Table 4.2).  This peak contains two AP2 canonical binding sites and it is 
located inside the fourth intron of pax3 and we called it pax3_int4_A (GL172860.1: 885,032 - 
886,873, X. tropicalis genome v4.2.73) (Figure 4.9).  This uncharacterized region caught our 
attention for three reasons.  First, in Xenopus pax3 is known to be a downstream target of Tfap2a 
(de Crozé et al., 2011).  Second, pax3’s fourth intron is has functionally conserved regulatory 
elements that drive expression in the neural plate of different vertebrates (Degenhardt et al., 
2010).  And last, the homologous locus in humans (chr2: 222,863,494 - 222,864,238, hg18) is 
classified as an active enhancer in human neural crest cells (Rada-Iglesias et al., 2012).  
 
The Veenstra lab has performed ChIP-seq of multiple chromatin marks and the enhancer-binding 
protein p300 at different stages, ranging from blastula to larval stages of X. tropicalis 
{vanHeeringen:2014fv}.  We utilized this data to compare the Tfap2e binding inside the pax3 
gene against the presence of active transcribed regions marked by H3K27me3 (Young et al., 
2011), and the enhancer-binding protein p300 (Visel et al., 2009).  We found that when pax3 
begins to be activated, around stage 10.5, Tfap2e co-localizes to some of the p300 bound regions 
(Figure 4.9).  In human cells, Tfap2a is known to interact with p300 and CITED2 co-factor to 
activate transcription (Bragança et al., 2003), thus it may be expected to observe overlap.  
However, Tfap2e in the pax3 locus was not bound to all of the p300-enriched regions.   
 
In collaboration with Rachel Kjolby, a graduate student from the Harland lab, we examined the 
in vivo expression pattern driven by pax3_int4_A enhancer in X. laevis embryos (Figure 4.10).  
We used the p-Transgenesis expression vector system (Love et al., 2011) in order to incorporate 
pax3_int4_A and the super core promoter regions (Juven-Gershon et al., 2006) upstream of 
Venus-GFP.  Co-injection of the expression plasmid and tol2 transpose in X. laevis embryos at 
the one-cell stage was able to drive Venus-GFP expression in the dorsal neural plate and dorsal 
mesoderm at early and mid neurula stages.  The expression in the neural plate was similar to the 
pax3 pattern observed in wild type embryos (Figure 4.10A, B).  Older tadpoles expressed Venus-
GFP in the cartilage and in the dorsal neural tube, as well as the γ-crystallin RFP in the lens, 
which was part of the selection module of the p-Transgenesis system (Love et al., 2011) (Figure 
4.10C).  In contrast, the same expression vector without the pax3_int4_A region did not 
recapitulate the early patterns (not shown).  
 
With the ChIP-seq available from the Veenstra lab, our Flag-Tfap2e ChIP seq and the 
transcriptomic analyses from Chapter 2 and 3 we may begin to explore potential cis-regulatory 
elements for genes required for neural crest formation in Xenopus.  With the CRISPR-Cas9 
genome editing system, it will be possible to systematically test the function of the cis-regulatory 
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elements either by knocking-out the whole region, or by inducing targeted mutations that alter 
the binding sites of transcription factors.  In order to generate new genetic interactions and 
expand the neural crest gene regulatory network, it will be needed to collect similar genomic and 
transcriptomic data from additional neural plate border and pre-placodal specifiers.  
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Figure 4.7 Flag-Tfap2e ChIP-seq coverage for genes that correlate with Tfa2e activity 
Snapshots of genomic tracks from X. tropicalis genome using IGV genome browser.  The first 
track shows the gene body (purple).  The read coverage from flag-tfap2e injected embryos and 
the negative control (uninjected) displayed in the second and third tracks, respectively.  Red 
triangles point to transcription start site and asterisks show peaks of intergenic regions that share 
sequence similarity (>250 bp) with other vertebrates. Light blue boxes show regions of overlap 
with β-Catenin binding (β-Catenin ChIP-seq data obtained by Rachel Kjolby).   
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Figure 4.8 Schematic of Tfap2e binding at the tfap2b locus in Xenopus  
A.  Coverage of ChIP-seq reads coming from Flag-Tfap2e and uninjected embryos at the tfap2b 
locus.  The gray shadow indicates the conserved region localized 18kb downstream tfap2b 
(GL172699.1:1,639,150-1,639,850) B.  Schematic that shows conservation of predicted 
transcription factor binding sites in different vertebrate species.  C.  Sequence alignment of the 
homologous region in other vertebrate species showing the canonical binding sites for Tfap2, 
Pax3, Sox10, Pax2, Oct1, and bMyb.  High degree of conservation is observed in all tetrapod 
species. 
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Figure 4.9 Read coverage of Flag-Tfap2e in the pax3 gene 
H3K27me3 and p300 tracks from blastula to larval stages of X. tropicalis obtained from the 
Veenstra lab (visualized using the UCSC genome browser with X. tropicalis v.7.1 assembly).  
Inside the 4th intron of pax3 there are five regions that show enrichment of Flag-Tfap2e binding 
(A-F).  All sites recognized by Tfap2e overlap with p300 binding. Peak A, B, D, E and F are also 
bound by β-Catenin. The first peak (A) corresponds to the pax3_int4_A region 
(GL172860.1:885,550-886,846), which shows partial conservation in vertebrates (lower track).  
A small portion of the pax3_int4_A (~100 bp long) shows conservation of the predicted CEBP 
and AP2 binding sites in all the species analyzed, except zebrafish.  
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Figure 4.10 Expression driven by the putative pax3_int4_A enhancer 
Injection of pax3_int4_A expression construct (20 pg) and tol2 mRNA (75 pg) at the one-cell 
stage in Xenopus laevis albino embryos.  A.  Venus-GFP driven by pax3_int4_A at stage 15.  B.  
Expression of the enhancer late neurula shows mosaic expression in the neural plate border and 
dorsal neural tube, similar to the expression of the wild type pax3 expression (lower panel).  C.  
Expression of the selection marker γ-Crystallin-RFP in the lens (white arrowhead) and Venus-
GFP in the cranial cartilage. Images in A and B are inverted colors obtained from images taken 
under the fluorescent microscope to detect Venus-GFP. 
 
pax3 > Venus, γCrystallin > RFP plasmid + tol2 mRNA
X. laevis (St. 14-15)
A
P
D
V
A
B X. laevis (St. 17) X. laevis (St. 47, ventral view)C
pax3
A
P
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Table 4.1 List of ChIP-seq peaks in the vicinities of neural crest associated genes  
In green the genes that associate positively to Tfap2e activity, in purple genes involved in neural 
crest specification, and in red genes that associate negatively to Tfap2e activity. 
 
  
Gene 
Name Scaffold Start End
Peak size 
(kb) Peak Score Peak annotation
Distance from closest 
TSS (kb)
ebf2 GL172666.1 3,906,259 3,907,339 1.1 613 Intergenic -3.5
flna GL172911.1 807,669    808,749    1.1 1115 Intergenic -52.8
mycn GL173176.1 293,176    294,307    1.1 1406 Intergenic -9.7
rimklb GL173446.1 22,131      23,665      1.5 1052 Intergenic -24.9
snai2 GL172719.1 619,209    621,253    2.0 1171 Intergenic 6.7
sox10 GL172724.1 530,660    532,633    2.0 410 Intergenic -12.6
sox8 GL172659.1 203,223    204,409    1.2 1144 Intergenic -2.1
tlx3 GL172949.1 989,813    991,000    1.2 1429 Intergenic -35.3
vasn GL172663.1 2,007,728 2,009,164 1.4 1522 Intergenic 26.8
vasn GL172667.1 3,250,647 3,253,498 2.9 1193 intron (ENSXETT00000066228, intron 1 of 15) 0.4
axin2 GL173853.1 109,474    110,205     0.7 1156 intron (ENSXETT00000029825, intron 3 of 10) 6.4
axin2 GL173853.1 99,149      100,113     1.0 1156 Intergenic -3.8
dll1 GL172638.1 6,640,837 6,643,672 2.8 631 Intergenic -7.8
hes1 GL172881.1 68,491      73,307      4.8 873 intron (ENSXETT00000036731, intron 2 of 3) 0.9
msx1 GL173077.1 632,416    633,936    1.5 997 Intergenic -61.7
msx1 GL173077.1 705,255    706,100    0.8 857 Intergenic 10.8
msx1 GL173077.1 694,288    695,512    1.2 670 exon (ENSXETT00000035005, exon 1 of 2) 0.0
msx1 GL173077.1 691,145    692,659    1.5 632 Intergenic -3.0
msx1 GL173077.1 698,483    701,439    3.0 404 Intergenic 5.1
msx2 GL172866.1 1,477,802 1,480,864 3.1 1104 Intergenic 46.4
notch1 GL172773.1 1,865,946 1,866,950 1.0 3100 Intergenic -4.5
notch1 GL172773.1 1,870,149 1,871,322 1.2 3100 promoter-TSS (ENSXETT00000001676) -0.2
notch1 GL172773.1 1,874,783 1,875,860 1.1 1265 intron (ENSXETT00000001676, intron 1 of 43) 4.3
pax3 GL172860.1 885,031    886,873    1.8 2117 intron (ENSXETT00000016629, intron 4 of 8) 8.8
pax3 GL172860.1 862,525    870,988    8.5 759 intron (ENSXETT00000016629, intron 4 of 8) -3.5
tfap2a GL172669.1 1,156,613 1,161,485 4.9 2221 Intergenic 50.3
tfap2a GL172669.1 1,124,454 1,129,882 5.4 1572 Intergenic 18.4
tfap2a GL172669.1 1,296,398 1,298,920 2.5 1284 Intergenic 188.9
tfap2b GL172699.1 1,635,574 1,636,843 1.3 1189 Intergenic 34.7
tfap2b GL172699.1 1,639,003 1,639,936 0.9 621 Intergenic 38.0
wnt11 GL173245.1 603,127    603,777    0.7 1760 Intergenic -1.5
cyp26a1 GL173080.1 59,176      61,316      2.1 1231 exon (ENSXETT00000039436, exon 3 of 7) 1.8
cyp26c1 GL173080.1 113,072     114,872     1.8 1165 intron (ENSXETT00000039427, intron 19 of 20) -31.1
cyp27c GL173529.1 265,491    267,736    2.2 882 intron (ENSXETT00000049982, intron 1 of 6) 0.8
gata2 GL172680.1 2,769,559 2,770,069 0.5 477 Intergenic 145.0
gata2 GL172680.1 2,631,303 2,632,307 1.0 449 intron (ENSXETT00000035260, intron 3 of 4) 7.0
hesx1 GL172762.1 2,543,852 2,544,553 0.7 831 Intergenic -19.5
hesx1 GL172762.1 2,562,988 2,563,713 0.7 522 Intergenic -38.6
prr5 GL172917.1 946,168    947,904    1.7 609 intron (ENSXETT00000062241, intron 8 of 8) 9.8
xbp1 GL172643.1 271,390    273,748    2.4 1580 promoter-TSS (ENSXETT00000057183) -0.5
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Table 4.2 Vertebrate sequence conservation of Tfap2e enriched regions  
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Methods 
 
 
Flag-Tfap2e construct 
The 3xFlag portion from pCMV-3Tag-1A from Agilent (5’-GAT TAC AAG GAT GAC GAC 
GAT AAG GAC TAT AAG GAC GAT GAT GAC AAG GAC TAC AAA GAT GAT GAC 
GAT AAA-3’) was amplified with primers containing SalI and NcoI restriction sites (SalI-M-
Flag-F: 5’-A CGC gtc gac ATG GAT TAC AAG GAT G-3’; Flag-g-NcoI-R 5’-CA TGc cat ggC 
TTT ATC GTC ATC ATC T-3’).  The restriction sites were used to put the 3xFlag sequence in 
frame with the N-terminal region of the Xenopus tropicalis tfap2e already in the pCS108 
expression vector. mRNA from the construct was synthesized with SP6 mMachine mMessage 
(Life Technologies).  
 
Western blot 
Between 50-100pg of flag-tfap2e mRNA was injected in bursts of 5-10nL per blastomere in X. 
laevis.  Between 25-50pg of flag-tfap2e mRNA was injected in X. tropicalis in burst of 2 or 4nL 
volumes.  Approximately 50-100 pg of mCherry was used as lineage tracer. 
30 embryos per condition were lysed in 500 µl of cold buffer containing 50 mM TrisHCl (pH 
8.0), 10 mM EDTA, 0.1% SDS, and supplemented 1X of protease inhibitor cocktail 
(Roche).  Samples were loaded in a SDS PAGE electrophoresis gel  (5% stacking, 12% resolving 
gel), and semi-dry transferred into nitrocellulose membrane.  Blocked with 5% milk for one 
hour, incubated overnight Mouse anti-Flag primary antibody (Sigma F3165, 1:2000 dilution) or 
Mouse anti- β Actin (Abcam 8224, 1:2000 dilution), and Goat anti-Mouse conjugated to HRP 
(Jackson Labs, 1:5000 dilution).  Flag-Tfap2e was detected at 50 kDa, and an unspecific band 
close to 37 kDa.  
 
Chromatin Immunoprecipitation  
 
Embryo collection and fixation: X. tropicalis embryos were injected with a total of 35pg of 
Flag-Tfap2e and 50pg of membrane RFP in both blastomeres at the 2-cell stage on the lateral 
animal hemisphere and allowed to develop until stage 19.  Approximately 200 embryos were 
collected in 4 batches of 50 each and fixed for 30 minutes in 1% formaldehyde in PBS 
(Mg2+/Ca2+ free).  The embryos were washed for 5 minutes with Glycine 125 mM, then 3 quick 
washes of PBS, removed PBS, and quickly fast-freeze and stored at -80°C. 
Embryo collection and fixation:  
After thawing the samples in ice, a volume of 5 µL of RIPA buffer (with protease inhibitor) was 
added per embryo.  
A total of 1 mL of RIPA buffer was added to each sample containing 200 embryos and was used 
for sonication.  Each sample was distributed in 5 tubes of 200 µL.  In our hands the chromatin 
sonication where we obtained an average of 200 bp fragments was obtained with the Branson 
sonicator at 30% amplitude for 25 minutes in cycles of 10 seconds ON and 45 seconds off, 
making sure the water bath was constantly kept at 4°C by adding ice. 60 µL of sonicated lysate 
was kept at -80°C, 10 L were used to verify the quality of sonication by gel electrophoresis and 
the rest was used as input sample (used on day 3 of the immunoprecipitation steps) 
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Day 1 and day 2 of the immunoprecipitation protocol was followed mostly as instructed by 
Andrea Wills, 2014 (Wills et al., 2014).  Here we describe the modifications to the protocol: 
Day 1: 50 µL of Dynabeads were washed twice with 1 mL of PBS + 5 % of BSA, resuspended 
in 800 µL of 1 mL of PBS + 5 % of BSA containing anti-Flag antibody (1:400 dilution, 2µL into 
800µL).  Incubated overnight at 4°C. 
Day 2: The beads were washed 3 times with PBS + 5 % of BSA to remove excess of antibody 
and resuspended in 75 µL.  Aliquoted in 4 tubes containing 15 µL.  The pre-cleared lysates were 
added to the individual tubes. 
Day 3: After resuspension of samples in 200 µL of TES, the protocol we used continue as 
follows: 
Samples were incubated for 30 minutes at 65°C, and during that time the samples were vortexed 
every 5 minutes.  
The beads were pelleted with the magnet and supernatant was collected in a new tube. 
Input samples were taken out from the -80°C and the protocol was followed for the 
immunoprecipitated and the input samples. 
A total of 10mg/mL of RNase A (Promega) was added to the samples and incubated for 90 
minutes at 37°C.  NaCl was added to a total concentration of 400 mM and left overnight on the 
65°C incubator. 
The next day 2.5X volume of ethanol was added and precipitated overnight at -20°C. 
Day 4: Samples were centrifuged for 20 minutes at 14’000 rpm at 4°C.  The residual ethanol was 
removed and samples were let to dry at room temperature. 
Pellets were dissolved in 100µL of TE, 25µL of 5X PK buffer (5X PK: Tris-HCl 50mM, pH 7.5, 
EDTA 25 mM) buffer was added before 1.5µL of Proteinase K (Promega).  Tubes were mixed 
with the pipette up and down and incubated for 2 hrs at 45°C. 
Each sample received 20µg of Glycogen (Promega) and then we proceeded to perform standard 
Phenol/Chloroform purification optimized for DNA extraction.  DNA quantity was measured by 
Qbit (Life Technologies).  
 
ChIP-seq library preparation 
A starting quantity of 5 ng per sample was used to prepare ChIP-seq libraries following the 
TruSeq ChIP Sample Prep Kit from Illumina.  For the PCR library amplification, we performed 
5 cycles and size selected a band between 200 and 300bp by cutting the band from the 2% gel 
(Agarose SFR, Amresco).  Purified band with Qiagen gel purification kit and proceeded to 
perform the remaining 7 PCR cycles for a total of 12 cycles.  
Bioanalyzer traces were obtained to determine the size of the libraries.  The libraries were 
quantified with the Kapa Library Quantification kit (Kapa Biosystems).  Pooled libraries were 
sequenced in the Illumina HiSeq 2000 platform to generate 50 bp single-end reads. 
 
ChIP-seq analysis 
ChIP-seq reads were filtered with fasqc program, mapped with bowtie2 (bowtie2 -q --trim5 3 -p 
2 --very-sensitive-local -x) against the Xenopus tropicalis v.4.2.73 genome from JGI.  Regions 
bound by Flag-Tfap2e were called using MACS14.  And IGV 2.3.12 was used to visualize the 
mapped reads.  HOMER (Heinz et al., 2010) was used to identify known and de novo motifs. 
ChIP-seq tracks for p300 and H3K27me3 were obtained from Gert Jan Veenstra’s laboratory 
(http://trackhub.science.ru.nl/hubs/xenopus/hub.txt). 
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p-Transgenesis  
The putative regulatory element from the intron 4 of pax3 from one of the copies of X. laevis was 
amplified using the following primers: pax3.2_int4_A (1253)F: 5’- ACG GTG AGG AGT GAT 
GTC ATT T - 3’, pax3_int4_A (1253)R: 5’- TCA GTA CCT GAT TGC TAG GGT - 3’.  The 
1,253 bp product was subcloned and placed upstream the super core promoter (SCP) (Juven-
Gershon et al., 2006) sequence (kindly provided by Emma Farley from the Levine lab).  
We used the p-Transgenesis plasmid kit from Love and collaborators in 2011 (Love et al., 2011), 
to generate the pax3 enhancer expression vector.  We used the following vectors: p1, γ-crystallin 
RFP; p3, Venus; p4, I-SceI Tol2.  The p2 received the pax3 enhancer and SCP promoter.  The 
four plasmids were recombined with LR clonase II+ (Invitrogen).  The resulting ampicillin 
resistant plasmid was purified by two rounds of phenol chloroform, and stored at 100 ng/ µl. 
 
Injections of p-Transgenesis 
Injections were done at the 1 cell-stage close to the animal pole in a single 10 nl drop volume.  
Between 20 and 100 pg of p-Transgenesis plasmid, and 100 pg of tol2 mRNA were used to 
detect expression driven by the enhancer and promoter.  
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